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ABSTRACT
Perkinsus marinus is the causative agent of the oyster disease Dermo in the 
eastern oyster, Crassostrea virginica. In vitro propagation of the parasite has led to the 
establishment of multiple isolates by several investigators. Little work, however, has 
been done to characterize different isolates. In this study multiple isolates were examined 
for genetic and biochemical diversity. At two loci, the ITS region and the ATAN region, 
there was as much intra-isolate genetic variation among DNA sequences of some isolates 
as there was inter-isolate variation. Variation was also observed at a third loci, a 
subtilisin-like serine protease gene. This is the first report of a serine protease gene in P. 
marinus. In addition, a second, very similar subtilisin-like gene, may have also been 
isolated which was 95% similar in DNA sequence to the first and encoded amino acid 
changes in conserved regions. Examination of the extracellular proteins produced by 
eight P. marinus isolates from the Chesapeake Bay revealed differences in protein 
profiles, protease activity, protease profiles, growth rates, cell size and viability. The 
degree to which the differences observed were due to strain variation or to complex 
biochemical interactions of the parasite is unknown. However, isolates of similar 
viability, growth rates and cell size still had differences in protein and protease band 
profiles as well as in proteolytic activity, suggesting that there may be some genetic basis 
for the observed differences. The variation detected at both the genetic and molecular 
level suggests that multiple isolates should be examined when conducting biochemical 
and physiological studies on the parasite and for designing molecular diagnostic probes 
and PCR primers.
xii
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CHAPTER ONE: GENERAL INTRODUCTION
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Etiological Agent of Dermo
Perkinsus marinus, a pathogenic protist, is the etiological agent of Dermo disease 
in the eastern oyster, Crassostrea virginica. Oyster stocks have been dramatically 
affected by the parasite along the Gulf and southeastern Atlantic coasts for more than 
fifty years. Perkinsus marinus was first discovered in the late 1940s by scientists 
attempting to determine the cause of significant mortality in Gulf coast oysters (Mackin 
et al., 1950). In 1949, it was also detected in Chesapeake Bay where infections were 
widespread in high salinity areas (Andrews and Hewatt, 1957; Andrews, 1996). With the 
exception of a brief incursion into Delaware Bay during the 1950s, infections of P. 
marinus were rarely detected north of the southern Chesapeake Bay until the late 1980s 
(Ford, 1996). Recent northward progression of P. marinus has occurred throughout the 
Chesapeake Bay (Burreson and Ragone Calvo, 1996) and along the northeastern Atlantic 
coast (Brousseau, 1996; Ford, 1996). Infected oysters have been discovered along the 
eastern seaboard of the continental United States from Maine (Kleinschuster and Parent,
1995) to the Florida Keys (Quick and Mackin, 1971). The parasite is also prevalent in 
the Gulf of Mexico and Caribbean, infecting oysters in Laguna Madres, TX (Craig et al., 
1989), Tabasco Bay, Mexico (Burreson et al., 1994; Soniat, 1996) and Jamaica 
(Littlewood, 2000).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Perkinsus marinus infections
Infections of oysters by P. marinus are temperature and salinity dependent. Chu 
et al. (1996) reported a positive correlation between both increased salinity and increased 
temperature and infection intensity. Optimal conditions for parasite multiplication are 
reached when water temperatures are > 20°C and salinities are greater than 15 ppt 
(Andrews, 1988; Burreson and Ragone Calvo, 1996). Similar results were observed for 
cultured cells (Dungan and Hamilton, 1995). Maximum proliferation occurred at 25 ppt 
and between 15-35°C. Below 9 ppt, only light infections are detected and no mortality 
occurs (Andrews, 1988; Burreson and Ragone Calvo, 1996). At 6 ppt sporulation of 
prezoosporangia is inhibited (Chu and Greene, 1989). Little or no proliferation of 
trophozoites is observed at 3 ppt (Chu et al., 1993) or at 4°C (Dungan and Hamilton,
1995).
Perkinsus marinus can survive in waters with wider salinity and temperature 
ranges than the conditions required for proliferation or sporulation (Brousseau, 1996;
Chu, 1996; Ford, 1996). The parasite is therefore able to survive during periods of 
unfavorable environmental conditions (Andrews, 1988; Burreson and Ragone Calvo,
1996). Infections can persist throughout the winter with water temperatures between 0- 
5°C (Andrews, 1988). Goggin et al. (1990) were able to obtain viable Perkinsus sp. cells 
from host tissue frozen for 197 days. Although salinities below 15 ppt are not optimal, 
zoospores can survive in water at 4 ppt (Chu and Greene, 1989) and artificially induced 
infections of P. marinus were reported by Chu et al. (1993) at salinities as low as 3 ppt.
Eradication of P. marinus over winter and during spring months, even in estuaries 
where salinity is marginal for growth, probably does not occur. The parasite can persist
4
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for several years until higher salinities (i.e drought) allow for proliferation (Andrews, 
1988). In infection regression studies, Ford et al. (1999) determined that infections 
decreased exponentially under unfavorable conditions, but that the half-life (time for the 
parasite number to decrease by half) of the remaining parasites increased, thus making it 
more difficult to rid all Perkinsus cells from the oyster. In addition, parasite distribution 
throughout the test subjects was unequal, with only one or two oysters out of twenty 
harboring a majority of the parasites. These “superinfections” may be important in 
maintaining infection in the field (Ford et al., 1999).
All known life stages o f the organism (Figure l - l )  are believed to be infective 
under laboratory conditions. Relatively high doses of zoospores (1 X 106) have been 
reported necessary for infection (Andrews, 1988, Andrews, 1996). Mackin (1962), 
however, found that only 500 prezoosporangia were necessary to produce oyster 
mortality. In addition, Chu and Volety (1997) successfully infected oysters by 
inoculation with 102 meronts or 102 prezoosporangia suggesting that the vegetative stages 
of the parasite have higher infection rates than zoospores (Volety and Chu, 1994).
Water borne transmission of P. marinus cells has been postulated to occur from 
both live oysters (Bushek et al., 1994; White et al., 1987) and dead oysters (gapers) 
(Andrews, 1988). Tray studies, in which positions of oysters were fixed, demonstrated 
that death was accelerated among oysters in proximity to disintegrating infected gapers 
(Andrews, 1988). In addition, fecal matter from live oysters (Bushek et al., 1994) and 
fecal matter from predators of oysters (Hoese, 1964) have both been shown to contain P. 
marinus cells, presumably shed from the gut. Although the transmission of most P.
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FIG U RE 1-1. Life cycle o f Perkinsus marinus. In the oyster, the earliest stage detected 
is the immature trophozoite (2-4 ,um), which enlarges as it matures. Division of mature 
trophozoites within the oyster is by palintomy, whereby successive bi-partitioning of the 
protoplast (repeated cycles of karyokinesis followed by cytokinesis) leads to a tomont 
containing 8-32 cells. Upon rupture of the tomont cell wall, the immature trophozoites 
are released into the oyster where they are often taken up by hemocytes. Under 
experimental conditions, mature trophozoites placed in seawater enlarge and develop a 
discharge tube. Palintomy occurs as described above, however, instead of multiple 
immature trophozoites, multiple zoospores are produced which exit the zoosporangia 
through the discharge tube (Perkins, 1996).
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marinus infections appears to be water bome (Ray, 1954; Mackin, 1962; Andrews, 1988), 
Boonea impressa, a parasitic snail, may also serve as a vector for transmission. In the 
laboratory, B. impressa was found to transmit P. marinus from an infected oyster to an 
uninfected oyster (White et al., 1987).
Early infections of P. marinus appear to be located in the gut epithelium (Mackin, 
1951), but initial host-parasite contact and initiation of infection is not well understood. 
Paynter and Burreson (1991) observed that larger animals acquired infection earlier than 
smaller ones, perhaps due to increased filtering capabilities and therefore an increased 
parasite dosage. In vivo growth patterns (Ford et al., 1999) showed a “lag phase” at less 
than 10 P. marinus cells/g wet weight, followed by a “log phase” between 10-10,000 
cells/g wet weight and finally a “stationary” phase at greater than 10,000 cells/g wet 
weight.
In the oyster, P. marinus cells are often found within hemocytes, where they 
mature and undergo cellular proliferation (palintomy) by sucessive bipartitioning 
(Perkins, 1996) until the hemocyte bursts, releasing new P. marinus cells (Burreson and 
Ragone Calvo, 1996). Palintomy is most often observed in the connective tissue, 
between gut, gill and digestive gland epithelial cells and in gut lesions (Perkins, 1996). 
Once in the hemolymph dissemination of the trophozoites to other tissues can occur 
(Andrews, 1988). Highest parasite intensities have been reported in the digestive gland 
(Oliver et al., 1998) with lower intensities found in the hemolymph. In contrast, Robledo 
et al. (1998) reported high parasite density in the hemolymph and lower intensity 
infection in the rectum and mantle. It is possible that differences in tissue infection 
intensity may be due to differences in infection progression.
8
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Mackin (1962) noted that the “appearance of sections indicates that damage to 
host is due almost entirely to lysis of tissue.” Other physiological effects of infection 
include arrested shell growth (Andrews, 1961), a decrease in oyster meat (Mackin 1962), 
a subsequent decrease in condition index (Paynter and Burreson, 1991), and a decrease in 
free amino acids (especially taurine) (Paynter, 1996). Oxygen uptake does not appear to 
be affected by infection (Willson and Burnett, 2000). Interestingly Newell et al (1994) 
did not detect a difference in metabolic rate, feeding (except in severe cases), or 
assimilation efficiency with infection. The authors postulated that P. marinus was out- 
competing the host for absorbed nutrients. As with many parasites, it has been shown 
that P. marinus can incorporate lipids from the host into its membrane and cytosol (Chu 
et al., 2000). Other nutrients derived from the host are probably incorporated as well. 
Gauthier and Vasta (1994) determined that P. marinus proliferation is inhibited by iron 
chelators, proposing that the iron could be sequestered by the parasite for DNA 
replication while depleting the host of a necessary component for superoxide and 
hydroxyl radical production.
Potential Virulence Factors
Although scientists have studied P. marinus since the late 1940s (Mackin et al., 
1950), little is known of the pathogenic mechanisms employed by the protozoan.
Potential virulence factors involved in Dermo disease include proteases, acid 
phosphatases, superoxide dismutases and heat shock proteins. Volety and Chu (1997) 
discovered intense acid phosphatase activity in the nucleus of P. marinus concluding that 
acid phophatase could be involved in cell cycle regulation. Mackin (1962) proposed that
9
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
lytic and cytotoxic agents were produced by P. marinus causing liquefaction of tissue. 
Proteases secreted by P. marinus in vitro were later found to degrade components of 
oyster tissue, for example fibrinogen and laminin (La Peyre et al., 1995b).
Proteases
Proteases, by definition, are proteolytic enzymes that catalyze the degradation of 
peptide bonds. Hydrolysis o f large proteins by extracellular proteases allows the parasite 
to absorb the smaller molecules (Rao et al., 1998). Increased interest in parasitic 
proteases by researchers has been attributed to the use of proteases as potential targets for 
chemotherapeutic agents and as probes for examining regulation of parasite genes 
(McKerrow, 1989).
Proteases have been implicated in several aspects o f parasite development and the 
invasion of host tissue. Extracellular proteases from Entamoeba histolytica (McKerrow 
et al., 1993), Plasmodium knowlesi (Banyal et al, 1981), Plasmodium falciparum  
(Blackman et al., 1998), and Trypanosoma cruzi (Murta et al., 1990) are all believed to 
contribute to disease progression. Degradation of host tissue by proteases can facilitate 
invasion of host tissue and serve as a nutrient source. For example, the nematode 
Anisakis secretes two classes of proteases, a trypsin-like serine protease and a 
metalloprotease, that may contribute to degradation of host tissue macromolecules 
(Sakanari et al., 1989). Proteases are also involved in host immune evasion (Chaudhuri 
et al., 1989) and activation o f parasitic regulatory proteins. A cysteine protease of T. 
cruzi is required for intracellular replication and differentiation of the parasite 
(McKerrow, 1989; McKerrow et al., 1993).
10
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A correlation between protease production and virulence levels has been 
demonstrated in some protozoa. Pathogenic versus non-pathogenic strains o f E. 
histolytica can be distinguished by proteolytic activity o f a secreted cysteine protease. 
Laboratory strains that secreted cysteine proteases with higher proteolytic activity were 
more virulent (Gadasi and Kobiler, L983; McKerrow, 1989; McKerrow et al., 1993).
Nash and Keister (1985) were able to detect differences in excretory products among 
nineteen isolates of Giardia, hypothesizing that the differences among isolates might be 
related to virulence. Wright et al. (1981) demonstrated that virulent strains of Babesia 
bovis contained high protease levels whereas avirulent strains contained negligible 
amounts.
Variations in protease gene expression levels of parasitic species, such as 
Trypanosoma rangeli and T. crnzi (Tanaka et al., 1994), have been used to distinguish 
among strains using northern blot analysis (McKerrow, 1993). Cysteine protease gene 
expression in E. histolytica was significantly higher in pathogenic strains versus 
nonpathogenic isolates (Gadasi and Kobiler, 1983). Lyons and Johnson (1998) detected 
different levels of expression of a heat shock protein gene in virulent versus avirulent 
strains of Toxoplasma gondii. Virulent strains had a 1.5 to 2 fold increase in the heat 
shock mRNA levels compared to avirulent strains.
Serine Proteases
Serine proteases are one of the most important families of enzymes (Sakanari et 
al.. 1989), due to their wide distribution and importance in biological functions. Potential 
roles in parasite survival and infection include involvement in parasite metabolism,
11
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growth, invasion of host tissue (Banyal et al., 1981; Blackman et al., 1998), and evasion 
of host immune factors (Chaudhuri et al., 1989).
Serine protease(s) present in cell-free supernatants of P. marinus cultures in vitro 
(La Peyre and Faisal, 1995) are currently under investigation as putative virulence 
factors. Extensive tissue lysis observed in oysters infected by P. marinus, and studies 
performed in vitro, indicate protease involvement in disease progression (La Peyre et al., 
1995b; La Peyre et al., 1996) and in suppression of host defense factors (Garreis et al.,
1996). Cell-free supernatants are able to digest gelatin, casein, fibronectin and laminin in 
addition to oyster plasma (La Peyre et al., 1995b). In disease challenge studies. La Peyre 
et al. (1996) demonstrated that oysters fed lipsoils with cell-free conditioned medium 
prior to inoculation with P. marinus cells, obtained more intense infections than oysters 
fed liposoils with the control fresh culture medium. Garreis et al. (1996) found 
significant decreases in oyster hemocyte migration and lysosomal activity when 
hemocytes were exposed to P. marinus extracellular proteins or purified extracellular 
proteases. In addition, variations in ECP protease activity have been observed among 
cultures of different P. marinus isolates (La Peyre et al., 1995a). Extracellular products 
from six isolates, two from the Gulf of Mexico and four from the Atlantic coast, were 
examined for proteolytic activity. One of the isolates, Perkinsus-l (P -l) from Virginia, 
had higher levels of proteolytic activity on gelatin substrate gels in the lower molecular 
weight bands (35-55 kD), whereas the remaining isolates showed greatest proteolytic 
activity in higher molecular weights (85-175 kD) bands.
Determining the DNA sequence of serine protease genes in parasites is an 
important first step towards a complete characterization and definition of function (Eakin
12
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et al, 1990). Sakanari et al. (1989) demonstrated that “universal” primers designed from 
conserved regions of serine proteases could be used in the polymerase chain reaction 
(PCR) to amplify a serine protease gene fragment from genomic DNA of unrelated 
organisms. By aligning the consensus sequences of amino acids immediately 
surrounding the serine and histidine active sites of serine proteases, they were able to 
design primers capable of amplifying serine protease gene fragments from both nematode 
and protozoan parasites (Sakanari et al., 1989). Briefly, the amino acids forming the triad 
active site in most serine proteases (His-57, Ser-195, and A sp-194), in addition to the 
immediate flanking regions, are highly conserved. PCR primers designed from two of 
the three conserved regions were used to amplify the region between them (Sakanari et 
al., 1989; Elvin et al., 1993; Rawlings and Barrett, 1994).
Serine protease genes have been successfully identified in several protozoa 
including T. cm zi (Sakanari et al., 1989), T. bm cei (Morty et al., 1999), and P. 
falciparum  (Blackman et al., 1998). Blackman et al. (1998) identified a subtilisin-like 
serine protease gene from P. falciparum  genomic DNA based on conserved motifs 
flanking the active site serine and histidine residues of subtilisin-like serine proteases.
Characterization of Perkinsus
Phylogenetic placement of P. marinus has been controversial. First classified as a 
fungus, Dermocystidium marinum, by Mackin et al. (1950), Mackin and Ray (1966) later 
renamed it Labyrinthomyxa marina following observations of apparent spindles and 
mucoid tracts. Andrews (1988), however, believed that these observations were probably 
based on contaminants and not on P. marinus. Electron microscopy studies by Perkins
13
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(1976), which revealed the presence of an apical complex, led Levine (1978) to reclassify 
L. marina as an apicomplexan, establish a new genus, and rename the parasite Perkinsus 
marinus. In addition, Levine (1978) stated that P. marinus sporangia resemble the 
gregarine gametocysts of Apicomplexan and the zoospores resemble sporozoites. Levine 
(1978), however, also noted that significant differences exist between P. marinus and 
other Apicomplexans. Perkinsus marinus zoospores are biflagellated (Perkins and 
Menzel, 1966: Perkins, 1976; Perkins, 1996), the anterior flageHum possesses 
mastigonemes, and the conoid is incomplete (Figure 1-2).
Recent molecular analyses support the need for additional reclassification and 
have suggested that P. marinus has a closer relationship to dinoflagellates than 
apicomplexans (Fong et al., 1993; Goggin and Barker, 1993; Reece et al., 1997b; Siddall 
et al., 1997; De La Herran, 2000). Cavalier-Smith (1998) placed Perkinsus in the Phylum 
Dinozoa, subphylum Protalalveolata, abandoning the name Apicomplexa. Noren et al.
(1999) also reclassified P. marinus following their report of a similar species, 
Parvilucifera infectans. Based on ultrastructural similarities such as the presence of an 
apical complex and biflagellated zoospores possessing longer anterior flagella than 
posterior flagella, and on phylogenetic analysis o f the DNA sequence of the 18S rRNA 
gene, Noren et al. concluded that Parvilucifera infectans was closely related to Perkinsus. 
In addition, Noren et al. (1999) stated that Perkinsus and Parvilicifera, although sharing 
characteristics of phyla Dinoflagellata and Apicomplexa, did not fit well into either phyla 
and they designated a new phylum within Alveolata, Perkinsozoa.
14
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FIG U R E 1*2. (A) Conoid Ulltrastucture of Perkinsus marinus. Open sided apical 
ribbon (ar) with associated vesicular structures (rav) and surrounded by an alveolar 
sheath (as) (reproduced from Siddall et al., 1997). (B). Zoospore of P. marinus. 
Posterior flageilum (F I) and anterior flagellum with mastigonemes (arrow and 
arrowhead) (reproduced from Perkins, 1991).
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There are currently six recognized species of Perkinsus: P. marinus (Levine, 
1978). Perkinsus olseni Lester and Davis, 1981, Perkinsus atlanticus Azevedo, 1989, 
Perkinsus qugwadi Blackboum et al., 1998, Perkinsus chesapeaki McLaughlin et al., 
2000 and Perkinsus andrewsi Coss et al., 2001. Prior to molecular phylogenetic analysis, 
Perkinsus species were separated from one another by host, location, histological and 
morphological criteria (Goggin, 1994). Difficulties, however, arise when characterizing 
Perkinsus species using these criteria because morphological, physiological and 
biochemical changes can occur depending on environment conditions, host and the life 
stage of the organism (Goggin et al., 1989). In addition, some Perkinsus species have 
been found in a large number of different hosts (Andrews, 1955; Goggin and Lester,
1987; Perkins, 1988; Perkins, 1992; Goggin and Lester, 1995; Hine and Thome, 2000) 
with variations in cell size for the same Perkinsus species among different hosts (Goggin 
et al., 1989).
Recently reported hosts of P. marinus include the softshell clam (Mya arenaria) 
(Kotob et al.,1999b), the mangrove oyster (Crassostrea rhizophora) (Littlewood, 2000), 
Macoma mitchelli, Merceneria mercenaria and the baltic clam (Macoma balthica) (Coss 
et al., 2001). White et al. (1987) also found P. marinus in the tissues of Boonea 
impressa, a parasitic snail of the eastern oyster. Perkins (1992) suggested that any 
estuarine mollusk could serve as a reservoir for P. marinus. Significantly, both 
McLaughlin et al. (1998) and Coss et al. (1999, 2001) discovered the coexistence of P. 
marinus with other Perkinsus species. Coss et al. (2001) found both P. andrewsi and P. 
marinus in M. mitchelli, M. mercenaria and C. virginica, sometimes within the same 
individual.
17
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Standard detection of Perkinsus infections by enlargement of hypnospores in 
Ray’s fluid thioglycollate medium (RFTM) did not distinguish between Perkinsus species 
in the above co-infections. To date, all Perkinsus species, except P. qugwadi 
(Blackboum et al., 1998), can be detected by RFTM. The non-specificity of this test 
complicates field studies where researchers may be observing more than one species and 
questions whether hosts reported to contain P. marinus, for example the mangrove oyster 
(Littlewood, 2000), actually harbored P. marinus or a different Perkinsus species. In 
addition, some Perkinsus-Wke species stain positive with Lugol’s iodine following 
incubation with RFTM, misleading researchers (Goggin et al., 1996; Figueras et al.,
2000).
The nonspecificity of RFTM, difficulties in distinguishing among some Perkinsus 
species using morphological criteria (Perkins, 1996), the occurrence of individual species 
in more than one host, and morphological differences observed within a single Perkinsus 
species among different hosts, severely limit the ability to adequately characterize or 
identify specific Perkinsus species. This is highlighted by the recent retraction of 
Perkinsus karlssoni as a Perkinsus species due to conflicting observations following 
incubation in RFTM, life stage analysis and other morphological features (Goggin et al., 
1996).
To clarify difficulties in characterizing Perkinsus species, Goggin (1994) 
amplified and sequenced the 5.8S gene region and the internal transcribed spacers (ITS) 
of the ribosomal gene unit (Figure 1-3) of five isolates of Perkinsus species (P. marinus, 
P. atlanticus, P. olseni, Perkinsus sp. from the jewel box, Chama pacificus, and 
Perkinsus sp. from the blood cockle, Anadara trapezia). 5.8S rRNA gene sequences
18
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FIGU RE 1-3. The Ribosomal RNA Gene (rRNA) Unit of Perkinsus m arinus. The
ribosomal gene unit of P. marinus consists of four rRNA gene coding regions (in color): 
the 5S, the 18S (small subunit), the 5.8S, and the 28S (large subunit) regions. These 
coding regions are arranged in tandem repeats, separated by non-transcribed spacers 
(NTS) and internal transcribed spacers (ITS1 and ITS2). The ITS1-5.8S-ITS2 region is 
collectively referred to as the ITS region and the NTS-5S-NTS region is collectively 
referred to as the NTS region.
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were identical for all of the isolates she studied. The internal transcribed spacer 
sequences of P. marinus, however, were sufficiently different from other Perkinsus 
isolates to distinguish P. marinus as a separate species (Goggin, 1994). Sequence 
analysis of a separate portion of the rRNA gene unit, the small subunit (SSU) rRNA 
gene, supports Goggin’s conclusion that P. marinus was a separate species from 
Perkinsus sp. from Anadaria trapezia (Fong et al., 1993). Kotob et al. (1999a), 
Hamaguchi et al. (1998) and Figueras et al. (2000) also used this gene to determine the 
identity of potential Perkinsus species. Kotob et al. (1999a) and Hamaguchi et al. (1998) 
were able to confirm the presence of a Perkinsus species, whereas Figueras et al. (2000) 
determined that a P. atlanticus-like organism was not Perkinsus. The organism had first 
been identified as Perkinsus-like because hypnospores enlarged in RFTM stained blue 
with Lugol’s iodine and there were some morphological characteristics and life cycle 
similarities to Perkinsus (Figueras et al., 2000). Following phylogenetic analysis of the 
SSU rRNA gene, however, the authors concluded that the parasite was more closely 
related to Dermocystidium.
Isolate Characterization
Since the successful continuous culture of P. marinus in 1993 (Gauthier and 
Vasta, 1993; Kleinshuster and Swink, 1993; La Peyre et al., 1993) concerns have arisen 
regarding the lack of homogeneity among isolates. Physiological, biochemical (Bushek, 
1994; Bushek and Allen, 1996a; La Peyre et al., 1996) and genetic (Reece et al., 1997a) 
differences have been observed among P. marinus isolates. Extracellular protein (ECP)
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protease production, ECP proteolytic activity (La Peyre et al., 1996), and virulence 
(Bushek, 1994; Bushek and Allen, 1996a,) have all been shown to vary among isolates.
Bushek (1994) and Bushek and Allen (1996a) demonstrated differences in 
virulence among P. marinus isolate cultures from the Gulf coast and cultures derived 
from certain mid-Atlantic isolates. Cultures of mid-Atlantic isolates produced heavier 
infections in all oyster populations examined than Gulf coast isolates. Bushek and Allen 
(1996b) attributed these differences to the existence of “races” of P. marinus. Race 
development may have been driven by gene flow restriction. Bushek and Allen (1996b) 
cited low transmission distance (Andrews and Hewatt, 1957) and the physical separation 
of estuaries as driving forces to genetic isolation. Once isolated, environmental variation, 
variation in host resistance and intraspecific competition can contribute to differentiation 
among isolates (Bushek and Allen, 1996b). The recent range extension of P. marinus 
into lower salinities of the Chesapeake Bay (Burreson and Ragone Calvo, 1996) and 
northward along the U.S. Atlantic coast (Ford, 1996) have also been cited as evidence for 
the evolution of different strains.
Research by Reece et al. ( 1997a) and Reece et al. (in press) has demonstrated the 
existence of several genetically distinct “strains” or “races” of P. marinus. Restriction 
fragment length polymorphism (RFLP) analysis o f eight polymorphic loci detected 
twelve composite genotypes with significant allelic and genotypic frequency differences 
among the northeast Atlantic coast, southeast Atlantic coast and Gulf coast isolates 
(Reece et al., in press).
Further characterization of P. marinus isolates by sequence analysis has been 
performed for a few regions of the genome, concentrating predominantly on the
22
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ribosomal RNA gene unit (Figure 1-3). The ribosomal genes in Perkinsus are present in 
high copy number, constituting approximately five percent of the genome (De La Herran, 
2000). The 5S, 5.8S, 18S (SSU) and 28S (large subunit) genes encode functional 
ribosomal RNAs. As illustrated in Figure 1-3, the 5S gene is linked to the remainder of 
the ribosomal unit between the large and small subnunits by non-transcribed spacer 
(NTS) regions (Marsh et al., 1995; De La Herran, 2000). This organization is similar to 
Toxoplasma species, but not to Plasmodia, Cryptosporidium  or ciliates (De La Herran, 
2000). The NTS evolves at a greater rate than the genes of the ribosomal gene unit 
(Hillis and Dixon, 1991). Similarly, the internal transcribed spacers located on either side 
of the 5.8S gene also evolve faster than the coding regions, however, they are subjected 
to selection more than the NTS regions since they are transcribed and believed to be 
involved in RNA processing.
Coss et al. (2001) examined the NTS region, the internal transcribed spacer 
regions (ITS I and ITS2), and the 5.8S gene when characterizing P. andrewsi. Robledo et 
al. (1999) found two distinct sequence types in P. marinus within the NTS region, but not 
within the ITS region. The frequency of distribution of the two NTS sequence types 
varied with geographical location. Sequence data has also been produced for the SSU 
rRNA gene of several Perkinsus species (Fong et al., 1993; Goggin and Barker, 1993; 
Hamaguchi et al., 1998; Kotob et al., 1999a; Coss, 2001); however, this region is highly 
conserved and not well suited for examining intraspecific variation (Hillis and Dixon, 
1991).
23
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Rationale
Although multiple isolates of P. marinus have been cultured from oysters 
obtained from throughout the geographical range of the parasite, little work has been 
done to characterize different isolates. In addition, little is known regarding the 
pathogenic mechanisms of the parasite. In Chapter 2 of this dissertation, the DNA 
sequence variation among cultured P. marinus isolates at two loci, the internal 
transcribed spacer regions and 5.8S gene (collectively the ITS region) of the ribosomal 
RNA gene unit and an anonymous region, ATAN, is examined. The ITS I and ITS2 
regions have been used to distinguish among both species and strains whereas the 5.8S 
gene can help confirm the genus. The ATAN locus is an anonymous locus used by 
Reece et al. (1997a; in press) as a molecular marker for population studies of P. marinus. 
In Chapter 3, the variation of extracellular protein (ECP) protease production among 
isolates from a small geographical region, the Cheapeake Bay, was examined. Cell-free 
culture supernatants from P. marinus have been demonstrated to digest oyster plasma and 
may be important in invasion and digestion of host oyster tissue. Variations in ECP 
profiles, or more likely variations in proteolytic activity, could indicate differences in 
virulence. In chapter 4, serine protease gene(s) from P. marinus are identified and 
characterized. Serine protease genes were targeted for identification because of the roles 
they play in parasite development and survival. In addition, it provided a known coding 
region as an additional locus to genetically compare isolates through genomic Southern 
blot analysis. Expression of the isolated gene was analyzed using 5' and 3' RACE 
technology and northern blot analysis.
24
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CHAPTER TWO: GENETIC VARIATION AT THE ITS AND ATAN LOCI 
AMONG AND WITHIN CULTURED ISOLATES OF PERKINSUS MARINUS
34
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ABSTRACT
Sequence analysis of genomic DNA from the protozoan parasite Perkinsus 
marinus at two loci revealed genetic polymorphisms within and among different isolates. 
Genomic DNA from twelve isolates was amplified at the ITS region (internal transcribed 
spacers 1 and 2 and the 5.8S region) and at an anonymous locus, ATAN, previously 
identified to contain polymorphisms by RFLP analysis (Reece et al., 1997). Seventeen 
polymorphic nucleotide positions were identified within the ITS region, eleven in ITS 1 
and six in ITS2. Thirteen polymorphic nucleotide sites were identified within the ATAN 
locus. In some instances, more than three different sequences were observed at both the 
ITS and ATAN loci from a single isolate, suggesting the possibility of recombination. In 
addition, intra-isolate sequence variation (3.5% for ATAN and 3.1% for ITS1) could be 
as high as inter-isolate sequence variation. Perkinsus marinus inter-isolate sequence 
variation for the ITS region was also higher than that reported between the two Perkinsus 
species, Perkinsus olseni and Perkinsus atlanticus, which supports previous proposals 
that the two may be the same species.
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INTRODUCTION
Few studies have been conducted to determine the genetic variation among 
isolates of Perkinsus marinus. The widespread distribution of the parasite along the 
Atlantic and Gulf coasts of the United States, south to Tabasco Bay, Mexico and into the 
Caribbean, creates the potential for strain variation due to genetic isolation and natural 
selection by environmental factors. The recent discovery of P. marinus in Maine oysters 
(Kleinschuster and Parent, 1995) and expansion of the parasite into low salinity waters of 
the Chesapeake Bay (Burreson and Ragone Calvo, 1996), suggest that new strains may 
have developed (Bushek and Allen, 1996; Ford, 1996).
Culture techniques developed by Gauthier and Vasta (1993), Kleinshuster and 
Swink (1993) and La Peyre et al. (1993) have increased our knowledge of P. marinus 
physiological and biochemical functions. Information obtained from in vitro cultures, 
however, may not be indicative of what occurs in vivo. In addition, results of 
experiments using only one isolate are not necessarily characteristic of other isolates. 
Therefore, determining the phenotypic and genetic diversity among and within isolates is 
essential for a full understanding of P. marinus epizootiology.
Differences among isolates of P. marinus have been detected. Bushek and Allen 
(1996a) compared four isolates of P. marinus, two from the Gulf coast and two from the 
Atlantic coasts, to determine if differences in virulence exist. Oysters infected with
36
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isolates from the Atlantic coast had higher total body burdens than those infected with 
isolates from the Gulf coast. Differences among isolates in proteolytic activity of 
extracellular products have also been observed (La Peyre et al., 1995).
Because of difficulties in characterizing Perkinsus species morphologically 
(Goggin, 1994), there has been an increase in the number of molecular studies leading to 
the identification of new Perkinsus species and to the development of species-specific 
probes (Robledo et al., 1998; Kotob et al., 1999a; Kotob et al., 1999b; Robledo et al., 
2000; Coss et al. 2001). Goggin (1994) was one of the first to examine different “strains” 
of Perkinsus by comparing sequences from the ITS region of the ribosoma! RNA gene 
unit from several different isolates. The molecular data supported P. marinus as a 
separate species from the other Perkinsus isolates examined, but could not distinguish 
among Perkinsus atlanticus, Perkinsus olseni, Perkinsus sp. from Anadaria trapezia or 
Perkinsus sp from Chama pacificus.
Reece et al. (1997) identified four polymorphic loci by restriction fragment length 
polymorphism (RFLP) within the P. marinus genome in an initial attempt to genetically 
characterize individual strains. Further work (Reece et al., 1999; Reece et al., in press) 
has led to the differentiation of twelve P. marinus composite genotypes based on 
polymorphisms present at eight loci. Significant differences were detected in the 
frequency that these genetic strains were observed in three regions along the Atlantic and 
Gulf coasts of the United States. Sequence variation has also been observed within the 
nontranscribed spacer region of the ribosomal RNA gene unit (Robledo et al., 1999). P. 
marinus collected from oysters at three different geographical locations produced two 
sequence types; however, no variation in the ITS 1 or ITS2 regions was detected.
37
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TABLE 2-1 
PE RK IN SU S M ARIN U S  ISOLATES
ISOLATE* O R IG IN C O M PO SITEGENOTYPE**
ATCC
NUM BER
MA 3-9 Wareham River, MA 3 -
MA 2-11 Nantucket Sound, MA 1 50896
MA 1-1 Cotuit Bay, MA 2 50899
N J 3-1 Delaware Bay, NJ 5 -
VA-2 (P -l) York River, VA 9 -
VA-5 (HVA 18) Lynhaven River, VA 8 50764
SC 3-2 Crabhaul Creek, SC 3 -
SC 2-4 Clambank Creek, SC I 50784
LA 23-7 Mozambique Point, LA 4 -
LA 10-1 Grand Terre, LA 4 50906
LA 8-11 Bay Tambour, LA 9 -
LA 5-2 Grand Terre, LA 3 50902
* Isolate designation according to Reece et al. (in press), (designations in parentheses are 
original researcher’s)
** Composite genotypes are based on RFLP analysis of eight polymorphic loci (Reece et 
al., in press)
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In this chapter, the genetic variation of twelve genotypically and geographically 
diverse isolates (Table 2-1) was examined at two loci, the ITS region (ITS1-5.8S-ITS2) 
of the ribosomal RNA gene unit and the ATAN locus (Reece et al., 1997), to gain a 
greater understanding of the genotypic diversity present in the species. The ITS region 
contains both variable and non-variable domains (Hillis and Dixon, 1991), which can be 
used to examine both species and strain variation as well as make some phylogenetic 
inferences. The ITS1 and ITS2 regions have been used to distinguish among species or 
strains of Cryptosporidium  (Carraway et al., 1996), Theileria parva  (Collins and Allsop, 
1999), trichomonadid protozoa (Felleisen, 1997), Neospora caninum. Toxoplasma gondii 
(Holmdahl and Mattsson, 1996; Payne and Ellis, 1996), Entamoeba (Som et al., 2000), 
parasitic nematodes (Conole et al., 1999) and flatworms (Cunningham, 1997). In 
addition, the location of the ITS region, between the genes coding for the small and large 
ribosomal RNA subunits, provides highly conserved areas from which primers can be 
designed to amplify the entire ITS region, greatly reducing amplification problems 
associated with strain variation.
The ATAN locus is an anonymous region of the genome identified previously by 
Reece et al. (1997). Differences in RFLP banding patterns among isolates were 
demonstrated for the ATAN region (Reece et al., 1997). Due to this variation observed at 
both the ITS and ATAN regions by RFLP analysis, it was hypothesized that additional 
polymorphisms would be identified through sequence analysis of these regions.




Twelve isolates of P. marinus (Table 2-1), originating from different areas along 
the Atlantic and Gulf coasts, were selected for this study based on previous genotype 
identification using RFLP analysis of eight polymorphic loci (Reece et al., 1999; Reece et 
al., in press). Ten of the twelve isolates were previously cloned by dilution and 
micromanipulation (Bushek et al., 2000). Isolates were maintained in 1:1 DME-HAMS 
F-12 media (Dungan and Hamilton, 1995) supplemented with 5% fetal bovine serum 
(FBS) at 27°C.
DNA Isolation and Purification
Genomic DNA was extracted from cultures of each isolate according to 
Sambrook et al. (1989). Briefly, cell pellets were washed twice with phosphate buffered 
saline (300 mM NaCt, 2.7 mM KC1, 10 mM Na2H P 0 4, 1.7 mM NaH2P 0 4) and 
resuspended in lysing solution containing 50 mM Tris-HCl (pH 8.0), 100 mM EDTA, 1% 
Sarkosyl (Sigma), and 0.5 mg/ml proteinase K (Boehringer Mannheim Co., Indianapolis, 
IN). The cell lysis mixture was incubated at 50°C overnight. DNA was extracted with 
equal volumes of phenol followed by an extraction using equal volumes of 
phenol:chloroform (1:1). DNA was precipitated using 0.04X volumes o f 5 M NaCl and
40
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2X volumes of cold ethanol followed by a two hour incubation at -80°C. Recovery of 
DNA was accomplished by centrifugation for 15 minutes at 4°C at 13,000 rpm. The 
DNA pellet was vacuum dried and re-suspended in either sterile nuclease-free water or 
0. IX TE [1 mM Tris-HCl (pH 8.0), 0.1 mM EDTA].
Amplification of the Internal Transcribed Spacers (ITS1 and ITS2) and the 5.8S Region 
of the Ribosomal RNA Gene Unit
Primers used to amplify the ITS1, 5.8S and ITS2 region of the ribosomal RNA 
gene unit were designed by Goggin (1994). The forward primer, 5'-CGT AGG TGA 
ACC TGC GGA AGG-3' and reverse primer, 5'-TAT GCT TAA ATT CAG CGG GT-3' 
were designed from conserved regions of the small subunit (SSU) ribosomal RNA and 
large subunit (LSU) ribosomal RNA gene sequences, respectively. Two amplification 
reactions were performed for each isolate. Five to ten nanograms of isolate DNA were 
used in 25 pi reactions containing 0.2 mM of dNTPs, 5 pg of bovine serum albumin 
(BSA), 2.5 pi of 10X reaction buffer (100 mM Tris, pH 8.3; 0.5 M KC1), 1.5 mM MgCL, 
25 pmole of each primer and 0.625 U of Taq polymerase. Components for PCR were 
obtained from Life Technologies Inc. (Gaithersburg, MD). Amplifications were 
performed using a PTC-200 Peltier Thermal Cycler (MJ Research, Watertown, MA): 1 
cycle at 94°C for 5 min, followed by 35 cycles at 94°C for 1 min, 55°C for 1 min, 65°C 
for 3 min, with a final extension cycle at 65°C for 7 min. PCR products were analyzed by 
17c agarose gel electrophoresis with a 1 kb DNA ladder (Life Technologies Inc., 
Gaithersburg, MD) as a size standard.
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Amplification of the ATAN Region
DNA from the twelve isolates in Table 2-1 was amplified using primers designed 
by Reece et al. (1997) (forward primer, 5'-GAT GAG TTA CGC CGT AGG GCA GCT 
C-3' and reverse primer, 5 -T A T  CCA ACG ACG AGG TAG TGA GGG GCA C-3'). 
Two amplification reactions were performed for each isolate. Approximately five to ten 
nanograms of isolate DNA were used in 25 pi reactions containing 0.2 mM of dNTPs, 5 
pi of BSA, 2.5 pi of 10X reaction buffer (100 mM Tris, pH 8.3; 0.5 M KC1), 1.5 mM 
MgCl;, 25 pmole of each primer and 0.625 U of Taq polymerase. Amplifications were 
performed using a PTC-200 Peltier Thermal Cycler (MJ Research, Watertown, MA): 1 
cycle at 95°C for 4 min, followed by 40 cycles of 95°C for 1 min, 54°C for 1 min, 65°C 
for 3 min, with a final extension cycle at 65°C for 5 min. PCR products were analyzed by 
1% agarose gel electrophoresis with a 1 kb DNA ladder (Life Technologies Inc., 
Gaithersburg, MD) as a size standard.
Cloning and Sequencing
Amplified fragments were inserted into the TA cloning vector pCR 2.1 
(Invitrogen Corporation, Carlsbad, CA) and transformed into Escherichia coli IN FaF’ 
according to the manufacturer. Following blue/white screening, selected clones were 
cultured overnight in 2X Yeast Tryptone (YT) media (0.6% w/v tryptone, 0.1% w/v yeast 
extract, 85 mM NaCl) with 50 mg/L ampicillin. Plasmid DNA was extracted using either 
the PERFECTprep plasmid DNA purification Kit (Eppendorf 5’, Boulder, CO) or the 
Plasmid miniPrep kit (Qiagen, Valencia, CA). DNA was then quantified using a 
DynaQuant 200 (Hoefer, Pharmacia Biotech, Piscataway, NJ) and prepared for bi-
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directional sequencing. Inserts were sequenced by the dideoxy chain termination method 
(Sanger et al., 1977) on a LI-COR 4200 automated sequencer (LI-COR, Inc., Lincoln, 
NE) using the thermo sequenase fluorescent labeled primer cycle sequencing kit with 7- 
deaza-dGTP (Amersham Corporation, Arlington Heights, IL) in conjunction with M13 
forward and reverse primers (LI-COR, Inc., Lincoln, Nebraska). In addition, since 
individual isolates possess more than one allele at even single copy loci, and therefore 
appear to be diploid (Reece et al., 1997), several clones of each isolate were sequenced to 
elucidate the amount of variation within isolates.
Analysis of Sequence Data
Sequences were subjected to a BLAST (Basic Local Alignment Search Tool) 
Search (Altschul et al., 1990) of the NCBI GenBank database. Sequences of the ITS 
locus and the ATAN locus were aligned using CLUSTALW (Thompson et al., 1994) in 
the MacVector Sequencing Analysis Package (Genetics Computer Group, Madison, WI). 
ITS sequences were also aligned to those previously reported in GenBank for P. marinus 
[U07700, A F 126022, AF149876, AF150985, AF150986. AFI50987, AF150988, 
AF150989, AF150990), P. atlanticus (U07697), P. olseni (U07701), P. chesapeaki 
(AF091541) and P. andrewsi (AF102171)]. Phylogenetic analysis was performed using 
PAUP*4.0 (Swofford, 2001). For the ITS region, P. chesapeaki and P. andrewsi were 
used as outgroups. The percent sequence similarity within and among P. marinus 
isolates, as well as among other Perkinsus species, was calculated from the uncorrected 
(“p”) distance matrix obtained by PAUP* 4.0b (Swofford, 2001) following alignment 
using CLUSTALW (Thompson et al., 1994).
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RESULTS
ITS Region
A single product of approximately 750 bp was obtained from each amplification 
reaction. Five to nine DNA clones were sequenced for each of the twelve isolates 
resulting in a total of 84 DNA clones. Seventeen polymorphic sites (Table 2-2) were 
detected from sequence analysis o f the total ITSl-5.8S-rrS2 region of the 84 P. marinus 
clones. O f the polymorphic nucleotide sites, eight were transitions (purine to purine or 
pyrimidine to pyrimidine), five were transversions (purine to pyrimidine or pyrimidine to 
purine), and four were the result o f a four-base insertion sequence. Sequences for 19 of 
the clones were identical to the sequence reported by Goggin (1994), with the most 
common nucleotide present at all of the polymorphic sites. This included clones 
sequenced for the isolates HVA 18, LA 5-2, SC 3-2, MA 3-9, MA 1-1, and LA 8-11. All 
clones of the remaining six isolates contained at least one rare nucleotide, for a total of 28 
different sequence combinations (Table 2-2) among the 84 DNA clones.
Eleven of the 17 polymorphic nucleotide sites detected were in the ITS1 region. 
When observed, the “A” at the 14th position was the only low frequency nucleotide 
present within the ITS1 region; that is the other ten polymorphic nucleotide sites 
contained the predominant nucleotide. Similar results were obtained for the 
T A ”combination observed at the 40th and 45th positions. O f the remaining ITS1
44
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TABLE 2-2
THE RARE NUCLEOTIDES PRESENT AT THE POLYMORPHIC NUCLEOTIDE SITES 
OF THE ITS1 AND ITS2 REGIONS OF PERKINSUS M ARINU S  CLONES





























Number II Site 





1 A t ;
1 A C
1 A A G
1 A A c
1 T A
1 T A G
7 T A A G G
1 A G G
1 A G
1 c T T
1 c T T <:
1 t: T T A G
1 c T T A C c
6 c T T T (i (• T G
12 c T T T g c T g c c
1 c T T T <i c T c: A G V c
1 c T T T (• (• T Ci A G G
1 c T T T o (■ T c c




1 A G A G
* T h e  n u c le o t id e  o n  top  re p re se n ts  the  m o s t  f r e q u e n t ly  o b s e rv e d  n u c le o t id e  (o r  “c o m m o n ” n u c le o t id e )  at that p o s i t io n ,  a r e p re se n t s  a  d e le t ion .


















































“polymorphic nucleotides,” four of the sites combined to form a four base pair insertion, 
“TGCT,” not seen in most clones. This insertion was also associated with a “G” five 
bases downstream. This combination was observed in twenty-two clones, but was not 
detected in all isolates, including LA 5-2, HVA 18, SC 3-2 or MA 3-9. In addition, the 
four base pair insertion and “G” were frequently associated with the low frequency 
nucleotides “C, T, and T” at positions 54, 56 and 60 respectively. The “C, T, T” 
combination, however, appeared four times without the four base insertion and 
subsequent “G.” In the ITS2 region, the variety of combinations observed among the low 
frequency nucleotides was greater. The only consistently segregated polymorphic site 
detected was a “G” located at position 674, which was never observed in the presence of 
the lower frequency “C ’s” seen ten bases downstream and nine bases upstream.
Sequence similarity over the total ITS 1-5.8S-ITS2 region, among clones of 
different P. marinus isolates, ranged from 98.49-100% (Table 2-3). The lower limit 
(98.49%) was less than the percent similarity found between ITS sequences reported in 
GenBank for P. olseni and P. atlanticus (99.86%). Intra-isolate variation across the ITS 
region ranged from 98.49-100% for LA 10-1 and LA 23-7 to 99.73-100% for SC 3-2 and 
LA 5-2 (Table 2-4). Greater sequence variation was detected in the ITS I region than in 
ITS2 among P. marinus DNA clones. Interestingly, a higher percent sequence similarity, 
97.31%, was found between P. andrewsi and P. chesapeaki for the ITS I region than the 
96.92% observed here among some DNA clones from individual P. marinus isolates (NJ 
3-1, P -l, LA 10-1 and LA 23-7). In addition, the reported ITS1 sequences for P. olseni 
and P. atlanticus are identical (Table 2-3). The range in P. marinus intra-isolate sequence 
similarity for the ITS 2 region was between 98.66-100% determined for SC 2-4, LA 8-11,
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TABLE 2-3
PERCENT SEQUENCE SIMILARITY IN THE ITS REGION AMONG
PERKINSUS SPECIES
TOTAL ITS1-5.8S-ITS2
P. marinus P.atlanticus P. olseni
P.
chesapeaki P. andrewsi
P. marinus 98.49-100 94.74-95.55 94.88-95.70 87.25-88.18 86.40-87.50
P. atlanticus 99.86 87.00 86.83
P. olseni 87.14 86.98
P. chesapeaki 96.45
ITS1
P. marinus P.atlanticus P. olseni
P.
chesapeaki P. andrewsi
P. marinus 96.92-100 94.69-95.75 94.69-95.75 87.47-89.04 87.17-89.41
P. atlanticus 100 88.90 89.72
P. olseni 88.90 89.72
P. chesapeaki 97.31
5.8S
P. marinus P.atlanticus P. olseni
p.
chesapeaki P. andrewsi
P. marinus 100 100 100 98.11 98.74
P. atlanticus 100 98.11 98.74
P. olseni 98.11 98.74
P. chesapeaki 99.35
ITS2
P. marinus P.atlanticus P. olseni
P.
chesapeaki P. andrewsi
P. marinus 98.66-100 92.43-93.51 92.71-93.78 82.29-83.40 80.50-81.60
P. atlanticus 99.73 81.17 80.09
P. olseni 81.46 80.37
P. chesapeaki 94.75
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TABLE 2-4
PER C EN T SEQ U EN CE SIM ILA RITY  IN T H E  ITS R EG IO N  W ITHIN 
ISO LATES O F PERKINSU S M A R IN U S
Isolate






ITS2 ITS1 5.8S ITS2
MA 1-1 7 99.04-100 97.95-100 100 99.20-100
MA 2-11 7 99.18-100 97.44-100 100 99.47-100
MA 3-9 8 99.45-100 99.49-100 100 99.73-100
NJ 3-1 6 99.04-100 96.92-100 100 99.47-100
P -l 5 98.63-100 96.92-100 100 98.93-100
HVA 18 9 99.31-100 98.98-100 100 99.20-100
SC 2-4 8 98.77-99.73 97.45-100 100 98.66-100
SC 3-2 9 99.73-100 99.49-100 100 99.73-100
LA 5-2 6 99.73-100 99.49-100 100 99.73-100
LA 8-11 7 98.90-99.86 97.44-100 too 98.66-100
LA 10-1 7 98.49-100 96.92-100 100 98.66-100
LA 23-7 5 98.49-100 96.92-100 100 98.66-100
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LA 10-1 and LA 23-7 and 99.73-100% observed for MA 3-9, SC 3-2, and LA 5-2. 
Sequences obtained for the 5.8S gene were the same for all P. marinus isolates and were 
identical to those of P. atlanticus and P. olseni (Goggin, 1994).
Neighbor-joining, UPGMA and the parsimony inference methods resulted in 
phylogenetic trees separating clones lacking any insertions or substitutions from those 
containing the "C,T,T” substitution site and insertion sequence. Further differentiation 
by parsimony analysis (Figure 2-1) was not possible, however, genetic distance analyses 
differentiated clones further (Figures 2-2 & 2-3). P. olseni and P. atlanticus grouped in 
one clade, separate from P. marinus and separate from P. chesapeaki and P. andrewsi.
ATAN Locus
Amplification of genomic DNA from 12 P. marinus isolates (Table 2-1) using 
ATAN PCR primers (Reece et al., 1997) produced the expected amplification product of 
approximately 450 bp. Two amplification reactions were performed for each isolate and 
cloned using the TA cloning system (two to five clones per amplification). Sequence 
analysis of six to nine clones for each of the twelve isolates revealed 13 polymorphic 
sites within the 376 base pair region (length after removal o f primer sequences). Of the 
13 polymorphic sites ten were transitions and three were transversions (Figure 2-4). The 
range in GC content among clones was between 55.05% (A-75; C-88; G -l 19; T-94) as 
seen in clone MA 2-11 A8 and 56.65% (A-72, C-91, G-122, T-91) for clone NJ 3-1-A9.
The sequence similarity between isolates ranged from 96.54% - 100% (Table 2- 
5). Sequences of cloned amplification products obtained from seven of the 12 isolates 
(MA 1-1, MA 3-9, HVA 18, SC 3-2, LA 5-2, LA 10-1, LA 23-7) were identical,
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FIG U R E 2-1. Parsimony Analysis of the Total ITS Region. Parsimony analysis with a 
heuristic search of the total ITS region following sequence alignment using CLUSTALW 
(Thompson. 1994). Perkinsus andrewsi and P. chesapeaki were used as outgoups (red). 
Perkinsus olseni and P. atlanticus (orange) are a sister clade to P. marinus isolates. 
Perkinsus marinus plasmid DNA clones of isolates containing the “CTT” nucleotides at 
positions 54, 56 and 60 and/ or the insertion site (“TGTC”) at positions 108-111 with a 
"G” at 116 are labeled in green.
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FIG U RE 2-2. Neighbor Joining Tree of the Total ITS Region. The neighbor joining 
tree generated using Tamura Nei genetic distances of the total ITS region following 
sequence alignment using CLUSTALW (Thompson, 1994). Perkinsus andrewsi and P. 
chesapeaki were used as outgoups. Plasmid DNA clones of P. marinus isolates 
containing the most common nucleotide at all polymorphic sites are labeled in blue 
whereas those clones containing the “CTT” nucleotides and/ or the insertion site 
(“TGTC”) at positions 108-111 with a “G” at 116 are labeled in green.
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FIGU RE 2-3. UPGM A Tree of the Total ITS Region. The UPGMA tree generated 
using Tamura Nei genetic distances of the total ITS region following sequence alignment 
using CLUSTALW (Thompson, 1994). Perkinsus andrewsi and P. chesapeaki were used 
as outgoups. Plasmid DNA clones of P. marinus isolates containing the most common 
nucleotide at all polymorphic sites are labeled in blue whereas those clones containing 
the "CTT” nucleotides and/ or the insertion site (“TGTC”) at positions 108- L11 with a 
“G” at 116 are labeled in green.
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FIGU RE 2-4. Polymorphic Sites of the Perkinsus m arinus ATAN Locus. The
nucleotide positions of the thirteen polymorphic sites are identified. The most common 
nucleotide present at each position is located on the top o f the lower line followed by the 
number of clones in which it was observed. The rare nucleotide, and the number of 
clones in which it was observed, is located below the line. Transitions are in red and 
transversions are in blue.
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POLYMORPHIC SITES OF THE ATAN LOCUS
Site:
32 66 103 111 158 214 237 258 295 300 326 328 351
 1------------- 1------------- 1 I  I------------------------------ 1— I— I----------- 1— I— H ------------ h
Nucleotide (number/83 clones):
C'(66) A(67) 0(66) T(66) 0(66) A(68) A(71)C(70) A(66)C(66)C’(66)T(66) C(64)
 1--------------- 1--------------- M -------------------- 1------------------------------------ 1— I— I----------- M  H  1—





















































PER C EN T SEQUENCE SIM ILA R ITY  IN TH E  ATAN REG IO N  W ITH IN
»
ISOLATES O F PERK IN SU S M ARIN U S
Isolate N um ber of PercentDNA Clones Sim ilarity
MA 1-1 6 100
MA 2-11 6 96.54-100
MA 3-9 6 100
NJ 3-1 6 96.54-100
P -l 8 96.54-100
HVA 18 6 100
SC 2-4 9 96.54-100
SC 3-2 8 100
LA 5-2 8 100
LA 8-11 6 96.54-100
LA 10-1 8 100
LA 23-7 6 100
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containing the “A allele” previously recognized by Reece et al. (1997). O f the remaining 
isolates, each contained at least one “A allelic” clone for a combined total of 61 “A 
alleles” among the 83 clones sequenced. The sequence similarity within the remaining 
isolates varied from 96.54% - 100% (MA 2-11, NJ 3-1, P -l, SC 2-4, and LA 8-11) (Table 
2-5).
Both the neighbor-joining and the parsimony inference methods displayed 
phylogenetic trees (Figures 2-5 and 2-6, respectively) separating clones containing the “A 
allele” sequence from those containing the lower frequency nucleotide at 12 or 13 of the 
polymorphic sites (“B allele”). Further resolution by parsimony, however, was poor, 
most likely due to the low number of informative sites (thirteen). The neighbor-joining 
phylogenetic trees, using both Tamura Nei and “uncorrected p” genetic distances, 
produced identical trees illustrating the range in number of polymorphic sites within 
clones as well as the location of these sites (Figure 2-5). The sixty-one clones 
representing the dominant allele type “A” formed one group (in blue in Figure 2-5) and 
the ten clones containing the rare nucleotide at all 13 polymorphic sites (allele B) 
grouped together on the furthest branch, closely associated with clones containing 12 of 
the 13 rare nucleotides at the polymorphic sites (in green in Figure 2-5). The number of 
nucleotide differences from the “A allele” sequence is shown in parenthesis following 
each clone designation. Clones that contained sequences predominantly of the “A allele” 
at the 5' end but more closely resembled the “B” allele at the 3' end are highlighted in 
violet. Clones that contained sequences predominantly o f the “B allele” at the 5' end but 
more closely resembled the “A” allele at the 3' end are highlighted in red.
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FIG U RE 2-5. Perkinsus m arinus ATAN Neighbor Joining Tree. The Neighbor 
Joining tree generated using Tamura Nei or “uncorrected p” genetic distances of the total 
ATAN region following sequence alignment using CLUSTALW (Thompson, 1994). 
Plasmid DNA clones of isolates containing the common nucleotide at all or all but one 
polymorphic site (i.e. the common allele) are in blue. DNA clones containing the rare 
nucleotide at all or all but one polymorphic site (i.e. the rare allele) are in green. Clones 
in violet contain rare nucleotides in the polymorphic positions found at the 5' end, 
wherease clones in red contain rare nucleotides found in polymorphic positions located at 
the 3' end.
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FIGURE 2-6. Perkinsus m arinus ATAN Parsimony Tree. Parsimony analysis with 
heuristic search based on the 13 informative characters of the ATAN region following 
sequence alignment using CLUSTALW (Thompson, 1994). Plasmid DNA clones 
containing the rare nucleotide at all or all but one polymorphic site (i.e. the rare allele) are 
in green. Clones in red contain six or more rare nucleotides found in polymorphic 
positions located at the 3' end.
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DISCUSSION
Polymorphisms in the ITS and ATAN loci of Perkinsus marinus
Examination of twelve different isolates of P. marinus revealed a greater degree 
of variation among clones at the ITS1-5.8S-ITS2 region than previously reported. 
Consistent with results of Goggin (1994), Hamaguchi (1998), and Robledo et al. (1999), 
and with the high conservation expected in the gene-coding region (Hillis and Dixon,
1991), the 5.8S gene sequences were the same for all 84 clones. In contrast, only 19 of 
the 84 sequences in this study were identical to the ITS1 and ITS2 sequences reported in 
GenBank by Goggin (1994), with the greatest amount of variation occurring in ITS1.
The variation detected supports findings by Reece et al. (1997) where two “alleles,” “A” 
and "B," were detected by RFLP analysis. The “A” allele, or common allele, included 
the above 19 clones, in addition to the 43 clones lacking the four base-pair insertion site 
at positions 108-111. The 21 clones containing the insertion site would have been 
reported as a “B” allele by RFLP analysis. The insertion site, or “B” allele, was never 
observed as the only DNA clone in an isolate, further supporting earlier findings of only 
AA and AB, no BB, genotypes within isolates (Reece et al., 1999; Reece et al., in press). 
Additional sequence variation, however, was detected at seven sites within the ITS 1 
region and six sites in the ITS2, demonstrating that a greater degree of variation can be 
detected by sequencing (Table 2-2) than by RFLP analysis.
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Polymorphisms within the ATAN locus were also detected at 13 nucleotide sites 
over its 376 bp length. Unlike the ITS region, seven of the 12 isolates did not contain any 
polymorphism, for a total of 61 common or “A” alleles (Reece et al., 1997). In addition, 
in contrast to the ITS locus, ten of the sequences contained the rarer nucleotide at all 13 
polymorphic sites, which will be referred to as “B” alleles. Since the ITS locus of 
Perkinsus species appears to be multi-copy (De La Herran et al., 2000), it is possible that 
sequence differences among different clones of single isolates are differences between 
repeat units. There is no evidence, however, that the ATAN locus is multicopy.
Although the 376 bp analysed contain a significant length open reading frame, a BLAST 
search did not result in any matches.
Percent Similarity within and among Perkinsus marinus Isolates and among Perkinsus 
Species
The percent similarity, over the entire ITS region, among isolates (98.49-100%) 
was the same as the percent similarity among DNA clones from two Louisiana isolates, 
LA 10-1 and LA 23-7. The lower limit of the percent similarity among DNA clones 
within some isolates at the ATAN locus, 96.54-100 %, was less than that observed for the 
total ITS region. Similar results were found by Carraway et al. (1996) for the SSU rRNA 
gene of Cryptosporidium parvum, where as many differences occurred within isolates as 
among isolates. Sequence variation among clones from the same isolate makes it very 
difficult to distinguish between two isolates. Design of clone-specific PCR probes for the 
ITS region would be impractical since 28 different sequence combinations were observed 
(Table 2-2). In addition, design of P. marinus-specific probes and PCR primers,
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targeting this region, needs to account for all 17 polymorphic sites to prevent report of
false negatives.
The variation detected in the ITS region among DNA clones of P. marinus 
isolates was also greater than that currently reported between P. olseni and P. atlanticus 
(Table 2-3). These results suggest that P. olseni, P. atlanticus, P. sp. from Chama 
pacificus, P. sp from Anadaria trapezia, P. sp. from Tapes philippinarum  represent one 
species (Goggin, 1994; Hamaguchi et al., 1998; Robledo et al., 2000). It is also possible 
that the sequences of P. andrewsi and P. chesapeaki represent different strains of the 
same species or represent different alleles within the same isolate. The percent variation 
among P. marinus sequences of the ITS1 region, up to 3%, was greater than the 2.7% 
reported here between published sequences of P. chesapeaki and P. andrewsi, however, 
the variation between these two species, 5.25%, was greater in the ITS2 region.
The sequence variations reported here are consistently lower that those reported 
by Coss et al. (2001), probably due to differences in alignment. Coss et al. (2001) 
included Perkinsus qugwadi in the alignment while it was not included here due to lack 
of confidence in the ability to align homologous sites with this sequence. In addition, 
there is apparently some variation among boundary designations for the ITS1-5.8S-ITS2 
regions in the literature. The most frequently reported boundaries for P. marinus, in 
conjunction with analysis by Nazar (1984) of the 5.8S region and the location of 
conserved motifs within it, were chosen for this analysis. The 5' end of the 5.8 S region 
was selected thirteen bases upstream of the conserved motif GGAT (Nazar, 1984), for a 
total length of 159 bases as reported by Goggin (1994) and Kotob et al. (1999b). 
Perkinsus qugwadi was not included in alignments for this study due to the low percent
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identity reported for the ITS1 and ITS2 regions, 31.8-40.7%, as compared to that 
observed among other Perkinsus species (Coss et al., 2001). In conjunction with 
morphological differences first reported between P. qugwadi and other Perkinsus species 
and failure to detect P. qugwadi by RFTM (Blackboum et al., 1998), it is questionable 
whether P. qugwadi belongs in the genus Perkinsus.
Explanation for Intra-isolate Variability
As stated above, the variability in sequence data of the ITS region, where more 
than two sequences were observed among DNA clones from the same clonal isolate 
culture, may be explained by differences among repeat units or by PCR artifact.
Although less likely, differences among repeat units could also explain the variation seen 
in the ATAN locus. Since the ATAN locus contained a large open reading frame, the 
possibility of gene duplication exists, with primers amplifying very similar genes of the 
same family. Genetic recombination, however, is the most likely explanation. Collins 
and Allsopp (1999) found that few ITS sequences of Theileria parva were identical over 
their full length, changing back and forth resulting in different combinations of 
identifiable segments, suggesting genetic recombination. Similar trends were detected at 
the ITS and ATAN loci of P. marinus in this study. As illustrated in the ITS 1 region of 
Table 2-2, four rare nucleotide motifs were detected: the “A” at position 14, the “T ” and 
“A” at positions 40 and 45 respectively; the “C, T and T” at positions 54, 56 and 60; and 
the "TGCTG” at positions 108, 109, 110, 111, and 116. The absence of variation within 
motifs was not surprising since less than nine base pairs separate the nucleotides within 
each motif, making recombination less likely. Although the “A” and “AT” motif appear
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alone in the ITS1 region, various combinations are detected with these motifs in the ITS2 
region. The “CTT” and ‘TG CTG ” motifs also exist with various combinations of rare 
nucleotides present in the ITS2 region, but more importantly, are present both separately 
and together in the ITS1 region, strongly suggesting genetic recombination.
Phylogenetic Analysis
Although very little inference regarding genetic relationships was gained by 
parsimony analysis of either the ITS or ATAN among isolates of P. marinus, genetic 
distance trees did illustrate the differences among the two major alleles at each locus, “A” 
and “B,” observed in the earlier RFLP study (Reece et al., 1997). Lack of further 
resolution for both loci was expected due to the low number of informative sites. 
Geographical distribution of alleles was also not evident. At the ATAN locus, isolates 
from Massachusetts, New Jersey, Virginia, South Carolina and Lousiana contained both 
“A” and “B” alleles. In addition, for the ITS region, P. olseni and P. atlanticus, grouped 
together, with a genetic distance similar to that determined for some P. marinus clones 
from the same isolate. It remains to be seen whether P. chesapeaki and P. andrewsi are 
the same species.
The results of this study indicate that the genetic diversity among and within 
isolates of P. marinus is higher than previously reported (Robledo et al., 1999) for the 
ITS region. Genetic diversity was also evident at a second anonymous locus, ATAN 
(Reece et al., 1997). Co-infections by more than one Perkinsus species, the non­
specificity of RFTM, and difficulties in morphological distinction of isolates or species in 
multiple hosts has lead to an increase in the use of molecular techniques for developing
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species-specific diagnostics. The variation detected here, however, illustrates the need 
for caution when designing species-specific probes and PCR primers. Large sample 
sizes, including multiple clones from multiple isolates, are necessary to detect nucleotide 
variations present within the target locus in order to prevent false negatives. Sequence 
analysis of more loci will determine whether the variation observed here is common in P. 
marinus and other Perkinsus species. In addition, further work needs to be conducted in 
order to determine whether recombination is occurring in isolate cultures.
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CHAPTER THREE: VARIATION IN EXTRACELLULAR PROTEINS AMONG 
CULTURED PERKINSUS MARINUS ISOLATES FROM THE 
CHESAPEAKE BAY
74
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ABSTRACT
Serine proteases present in extracellular proteins (ECP) secreted by Perkinsus 
marinus in culture have been cited as potential virulence factors. In this study, the ECP 
from eight P. marinus isolates originating from Chesapeake Bay oysters, was examined 
for variations in protein and protease profiles and in protease activity. Cell growth and 
cell viability were also examined. Weekly samples taken over a four week period, 
demonstrated significant differences in all categories among some isolates. The average 
cell size at week four was inversely correlated with cell density. Isolates with an average 
smaller cell size had higher cell densities. However, there was no apparent relationship 
between viability and cell density. Greater differences among isolates were observed in 
protein and protease banding patterns under non-reducing conditions than reducing 
conditions. Interestingly, protease activity observed following gelatin substrate SDS- 
PAGE was greater when run under reducing conditions. The degree to which the 
differences observed among isolates were due to strain variation or to other factors, e.g. 
differences in culture medium in the months prior to the experiment or to asynchrony 
among culture growth, is unknown. Isolates, however, with similar experimental growth 
rates and viability, and with similar culture histories during the months prior to the 
experiment, produced ECP with different protein and protease profiles as well as 
differences in proteolytic activity, suggesting that genetically and/or physiologically 
based strain variation may contribute to differences in ECP.
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INTRODUCTION
Since the mid 1980s, Perkinsus marinus has become the predominant oyster 
pathogen in the Chesapeake Bay due to its range extension into low salinity areas 
(Burreson and Calvo, 1996). As stated in the previous chapter, the increased range of the 
parasite, throughout the Bay and northward to Maine, has led investigators to attribute the 
expansion to climatic changes and propose the possible existence of different strains of P. 
marinus. Ford (1996) discussed the possibility that a warming trend, in conjunction with 
the common practice of oyster transplantation, may have facilitated the range extension 
of P. marinus into the northeast. A strain more tolerant of cold water may have become 
established in areas were P. marinus was not present previously. Similarly, drought in 
the late 1980s, produced favorable high salinity conditions for the spread of the parasite 
to all oyster beds in the Chesapeake Bay, either naturally and/or by transplantation 
(Burreson and Calvo, 1996). Since low intensity infections can go undetected using 
standard RFTM techniques (Bushek et al., 1994), erroneously labeled “uninfected 
oysters” may have also served to disseminate different strains of P. marinus throughout 
the Bay. Little work has been done however, to determine whether different strains of P. 
marinus exist within the Bay.
Bushek and Allen (1996a, 1996b) found apparent differences in virulence among 
P. marinus isolates from different geographical regions, two isolates from the Gulf of
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Mexico (Texas and Louisiana) and two from the Atlantic coast (Virginia and New 
Jersey). The Atlantic coast isolates produced heavier infections. La Peyre et al. (1995a) 
also used these isolates and an additional Chesapeake Bay isolate, P -l, to compare the 
extracellular proteins (ECP) secreted by cultured isolates in vitro. P-I produced a 
different proteolytic band profile as detected on gelatin-impregnated sodium 
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels from the other 
isolates, including another Chesapeake Bay isolate. McLaughlin et al. (2000a) detected 
differences in ECP proteolytic activity among P-l and two other Perkinsus isolates, G- 
117 and H-49, isolated from the softshell clam, Mya arenaria. Further examination on 
gelatin-impregnated gels, however, revealed similar banding patterns for the H-49 and P- 
1 isolates. Although G -l 17 has been designated a separate species, Perkinsus chesapeaki 
(McLaughlin et al., 2000b), morphological (McLaughlin and Faisal, 1998) and molecular 
data indicate that H-49 is P. marinus (Kotob et al., 1999).
Differences in ECP protein and protease profiles among Chesapeake Bay isolates 
could support the existence of strain variation and indicate differences in isolate 
virulence. Recent studies have provided evidence that the proteases secreted by P. 
marinus are important virulence factors in disease progression. La Peyre and Faisal
(1995) demonstrated that P. marinus secreted proteases with lytic properties in vitro.
This was consistent with M ackin’s (1951) observation that liquefaction of oyster tissue 
and the appearance of lysed tissue in conjunction with the presence of P. marinus were 
most likely due to proteases produced by the parasite. The extracellular proteases were 
later identified as serine proteases (La Peyre et al., 1995b). To date, studies on the ECP 
from P. marinus cultures have demonstrated that the secreted serine proteases degrade
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extracellular matrix components, digest oyster plasma hemolymph proteins (La Peyre et 
al., 1995b; Oliver et al., 1999), increase infection intensity (La Peyre et al., 1996), and 
suppress hemocyte function (Garreis et al., 1996; Tail et al., 1999).
To further characterize P. marinus isolates, in this study eight isolates (Table 3-1) 
from the Chesapeake Bay were cultured under identical conditions for four weeks.
Isolate viability, cell density and cell size were examined, and cell free supernatants were 
collected for protein and protease analysis following each week. Since seeding densities 
were identical for all isolates, it was hypothesized that differences in viability, cell 
density and cell size would be statistically insignificant. Differences observed on protein 
SDS-PAGE gels and gelatin-substrate SDS-PAGE gels could indicate strain variation. 
Since variation between two of the isolates examined, P-l and MBVA-1, had been 
observed earlier by La Peyre et al. (1995a) similar variations in banding patterns were 
expected for these isolates.
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TA BLE 3-1. PERKINSU S M ARIN U S  ISOLATES FRO M  T H E  CH ESA PEAK E
BAY
ISOLATE* O R IG IN
P -l (VA-2) York River, Virginia
MBVA-1 (VA-1) Mobjack Bay, Virginia
KS-6 (MD-16) Kedges Strait, Maryland
TCM D-1 Maryland
UBMD-3 (MD-19) Upper Bay, Maryland
W IM D-2 (MD-23) Western Island, Maryland
UBHA-2 Upper Bay Hacketts, Maryland
FPMD-6 (MD-10) Fog Point, Maryland
* Isolate designation according to original researcher, [designations in parentheses are 
according to Reece et al. (in press)]




Eight isolates of P. marinus originating from oysters collected in the Chesapeake 
Bay were used in this study (Table 3-i). Isolates were maintained in either JL-ODRP-2 
or JL-ODRP-3 medium according to La Peyre et al. (1993) and La Peyre and Faisal
(1996).
Perkinsus marinus extracellular proteins
Perkinsus marinus extracellular proteins (ECP) were prepared according to La 
Peyre et al. ( 1995b) with minor changes. For each isolate, four 25 cm2 culture flasks 
(Coming, NY) were seeded with 1 X 106 P. marinus cells per ml in 6 ml of JL-ODRP-2 
medium. Flasks were incubated at 27°C, in the presence of 5% COj.  At the end of each 
week, for four weeks, a flask was removed for ECP collection. Cells were checked for 
viability (0.005% neutral red) and cell density was determined using a Bright-Line 
hemocytometer (Reichert, Buffalo, NY), taking the average o f two counts. Both 
trophozoites and tomonts were counted as one cell, however, passage of cells through a 
25 gauge needle prior to seeding ruptured many mature tomonts releasing individual 
trophozoites. At the end of week four, the size (|Am), or diameter was determined by light 
microscopy for a minimum of two hundred cells from each isolate. Cultures were 
centrifuged (550Xg for 10 minutes), the supernatant was collected and filtered through a
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0.2 //m filter. Filtered supernatant was concentrated 10X using Centricon-10 (Amicon, 
Beverly, MA) concentrators (10,000 MW cut-off) at 4°C. Samples were aliquoted and 
frozen at -80°C. Flasks were set up in triplicate for each isolate, for each week.
Measurement of Protein Concentration
Protein concentrations were determined using the bicinchronic acid protein assay 
(BCA protein assay kit - Pierce, Rockford, IL) following manufacturer’s protocol, in 
order to ensure that equal amounts of protein were being loaded for protein and protease 
band analysis. Prior to freezing, protein concentrations of P. marinus supernatant (ECP) 
were determined. Assays were read spectrophotometrically (A540) (Titertek Multiscan 
MCC/340 MKn, Labsystems).
Protease Activity
Relative protease activity was determined using hide powder azure (Sigma). To 
compare results among isolates, protease activity was defined as the pg/pl o f  trypsin 
required to produce an equivalent OD reading at A570 as the sample following 3 hours of 
incubation with hide powder, and was then divided by the number of cells per pi. The 
trypsin standard curve was determined from serial dilutions of 0.156 ng/pl to 10 ng/pl. 
Hide powder azure (HPA) was resuspended in buffer (150 mM Tris, 30 mM CaClj, 
0.05% Brij 35, 20% sucrose, pH 7.5) to a concentration of 2.6 mg/ml. In 96 well flat 
bottom plates, 50 pi of artificial seawater were added to each well, followed by 4 pi of 
standard dilutions or undiluted sample, and 100 pi of HPA-buffer mix. Plates were 
shaken for 3 hours at 37°C and 90 pi o f ice cold 18.2 mOsm water added to stop the 
reaction. Plates were then centrifuged for 15 minutes at 2200Xg, and 100 pi removed
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from each well for spectrophotometric analysis (A570) (Dynatech Plate Reader MR 5000, 
Dynatech, Chantilly, VA). Standards and samples were performed in triplicate.
Statistical Analysis
One way analysis of variance (ANOVA) with Tukey’s pairwise comparisons was 
performed to determine whether differences in cell density and whether differences in 
proteolytic activity were significant between isolates. The standard deviation of average 
cell size was also determined for each isolate following week four.
Determination of ECP protein profiles
Processed ECP samples were separated by reducing and non-reducing sodium 
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a Mini-Protean II 
slab cell unit (Bio-Rad, Richmond, CA) with a 4-20% Tris-HCl gradient gel (Bio-Rad, 
Richmond, CA) (Laemmli, 1970). Samples (1.1 pg protein) were mixed 1:1 with sample 
buffer [sample buffer -  63 mM Tris HC1, pH 6.8; 2% (w/v) SDS; 10% (v/v) glycerol; 
0.00125% (w/v) bromophenol blue; 5% (v/v) 2-P-mercaptoethanol (reducing buffer 
only)], and heated at 95°C for 5 minutes. Electrophoresis was performed at 30 mA 
constant current for 1 1/2 hours in a Tris-glycine running buffer. Protein standards (Bio- 
Rad, Richmond, CA) were run in an individual lane for each gel for molecular weight 
determination of sample bands. Visualization of proteins was performed using Sigma 
silver stain kit.
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Determination of ECP protease profiles
Processed ECP samples were separated by gelatin impregnated SDS-PAGE on a 
Mini-Protean II slab cell unit (Bio-Rad, Richmond, CA) under reducing and non- 
reducing conditions. Samples ( I .I  jig protein, unless otherwise indicated) were diluted 
1:2 with either reducing or non-reducing sample buffer. In addition to ECP samples, cell 
lysate was prepared according to La Peyre et al. (1995b) and diluted 1:1 in sample buffer. 
Samples were not heated in order to prevent destruction of proteolytic activity. 
Electrophoresis was conducted as described above. Following electrophoresis, gels were 
washed three times with 2.5% TritonX-100 at 4°C, ten minutes per wash. Gels were then 
incubated in 0.1 M Tris-HCl (pH 8) at 37°C as described by La Peyre et al. (1995b) for 1 
1/2 hours. Gels were fixed and stained with Coomassie blue and then destained for 
visualization of proteolytic hydrolysis.
Gel Analysis
Protein profiles and protease activity were analyzed using the Alphalmager 2200 
gel Documentation and Analysis System (Alpha Innotech Corporation, San Leandro, CA) 
and by using the Kodak Electrophoresis Documentation and Analysis System (Eastman 
Kodak Company, Rochester NY), which included molecular weight analysis to compare 
protein and protease profiles. Because of inconsistencies in molecular weight analysis 
between gels, protein profiles were conducted on a single gel for each week to determine 
band presence and absence.
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RESULTS
Growth and Viability
Following one week in culture, differences in cell density (Figure 3-1) were 
significant among most isolates (Tables 3-2 and 3-3). Tukey’s pairwise comparisons 
following ANOVA of cell density differences among isolates for week 1 were significant 
for all but four pairwise comparisons, KS-6 and FPMD-6, KS-6 and UBMD-3, WIMD-2 
and UBHA-2, and WIMD-2 and FPMD-6. The two Virginian isolates, MBVA-1 and P- 
1, recorded the highest cell densities followed by TCMD-1, UBHA-2, WIMD-2, FPMD- 
6, KS-6 and UBMD-3. Cell density during the first week increased for all eight isolates, 
but KS-6 and UBMD-3 experienced only nominal growth. Viability (Table 3-4) for 
UBMD-3 was only 89%, however, viability for KS-6 was 97%. TCMD-1, which had the 
third highest cell density, also had a relatively lower viability, 89%. Viability of the 
remaining isolates during week 1 was greater than 95%. TCM D -l maintained lower 
viability levels, 88-90% throughout the experiment. Growth rates for the Virginian 
isolates, P-l and MBVA-1, and two of the Maryland isolates, KS-6 and TCM D-l, 
decreased from week 1 to week 2. In all but MBVA-1, the decrease in growth rates was 
associated with a decrease in viability. Fewer pairwise comparisons (Table 3-5) of week 
2 data illustrated significant differences in cell density among isolates, except for 
MBVA-1, which had significantly higher cell density at week two than the other seven
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FIGURE 3-1. Growth of Cultured Perkinsus marinus Isolates from the Chesapeake 
Bay. Following each week, the number of viable cells (X 104) per ml of media was 
determined for three* flasks of each isolate. Individual data points represent the mean 
number of cells X 104 per ml of media calculated from replicate samples for each isolate.
* only two flasks were available for UBHA and WIMD isolates for week 3 and week 4
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ONE-W AY ANALYSIS O F VARIANCE O F C E L L  SIZE AM ONG PERKINSU S
M A R IN E S  ISOLATES
STA TISTIC A L PARA METERS*
W EE K  
W EE K  I
SOU RCE DF SS MS F P
ISOLATE 7 11609101 1658443 362.58 0.000
ERROR 16 73184 4574
W E E K  2
TOTAL 23 11682285
ISOLATE 7 4729861 675694 23.54 0.000
ERROR 16 459300 28706
W EE K  3
TOTAL 23 5189161
ISOLATE 7 8620775 1231539 293.67 0.000
ERROR 14 58711 4194
W EEK4
TOTAL 21 8679487
ISOLATE 7 5328570 761224 99.91 0.000
ERROR 14 106664 7619
TOTAL 21 5435234
^Statistical Parameters: 
DF -  Degrees of Freedom 
SS -  Sum of Squares 
MS -  Mean Sum 
F -  F-ratio 
P -  P value
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TABLE 3-3
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 1 CELL DENSITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00319 
Critical value = 4.90
Confidence limits for the differences between the means of each pair o f groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).
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TA BLE 3-4. PERCEN T V IABILITY O F P E RK IN SU S M A R IN U S  ISOLATES ±
STANDARD D EVIATIO N
ISOLA TE W EEK  1 W EEK  2 W E E K  3 W EE K  4
P -l 98.5010.13 97.6910.33 98.3410.28 98.5310.36
KS-6 96.6211.69 94.8410.46 88.7214.25 92.3211.01
TCM D-1 89.1613.67 87.8312.46 87.9711.21 88.8710.34
MBVA-1 95.3611.02 98.4210.18 99.3710.16 99.1010.19
UBHA-2 95.4410.83 96.9911.13 96.4010.75 85.4215.23
W IM D-2 98.4810.40 98.1711.17 98.0110.46 96.6213.18
FPM D-6 97.1610.76 92.7713.16 97.3910.30 93.4810.16
UBMD-3 89.3711.67 97.0810.63 97.8710.47 95.7710.45
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TABLE 3-5
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 2 CELL DENSITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00319 
Critical value = 4.90
Confidence limits for the differences between the means of each pair of groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).
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isolates. Cell densities increased for all isolates during week three, with the exception of 
UBHA-2, which experienced a slight decrease in viability. UBHA-2 continued to 
decrease in cell number during week 4 as its viability decreased from 96% to 85%. With 
the exception of TCM D-l (88%) and KS-6 (89%), the remaining isolates had viabilites 
greater than 97% during week 3. The cell density of MBVA-1 was significantly greater 
than the other seven isolates (Table 3-6) and remained so in week 4 (Table 3-7) even 
though it experienced a decrease in cell density from week three. In contrast, KS-6 had 
significantly lower cell densities for weeks 3 and 4 than all other isolates (Tables 3-6 and 
3-7).
Cell Size
Following four weeks in culture, cell sizes of P. marinus isolates varied from 2 
pm to 20 pm. The mean cell size for each isolate is shown in Figure 3-2. The order in 
cell density values (MBVA-1 > P -l > TCMD-1 > WIMD-2 > UBHA-2 > FPMD-6 > KS- 
6 > UBMD-3) recorded for week four was roughly inversely related to the average cell 
sizes reported for the same time period (M BVA-l < P-l < TCMD-1< FPMD-6 < UBHA- 
2 < WIMD-2 < UBMD-3 < KS-6) with a Pearson’s r (product-moment correlation 
coefficient) of -0.79.
Relative Proteolytic Activity of ECP
Differences in relative proteolytic activity per cell among the ECP of isolates 
were observed as early as week 1 (Figure 3-3) (Table 3-8). Proteolytic activity per cell at 
week one, however, was not indicative o f proteolytic activity per cell during the
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TABLE 3-6
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 3 CELL DENSITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00334 
Critical value = 4.99
Confidence limits for the differences between the means of each pair of groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).

















YVIMD-2 29 -818 -152 1417 60447 -400 265 1835 517
FPMD-6 132 -715 -49 1520 160 -128505 -342 324 1893 577 289
UBMD-3 83 -764 -98 1471 111 -177 -235457 -390 275 1845 529 241 138
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TABLE 3-7
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 4 CELL DENSITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00334 
Critical value = 4.99
Confidence limits for the differences between the means of each pair of groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).

















WIMD-2 190 -793 23 973
-236
752 -231 586 1535 381
FPMD-6 110 -873
-57 893 -319 -391
613 -370 446 1396 244 171
UBMD-3 207 -776 40 990
-222 -294 -155
710 -273 543 1493 341 268 349
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FIGU RE 3-2. The Mean Size of Perkinsus marinus Isolates Following Four Weeks 
in Culture. In the following Figure, the mean cell size (pm) for each isolate with 
standard deviation bars illustrating the variation among replicate flasks, was determined 
from a minimum of 200 cells measured from each flask. Isolate designation: P - P -l, M - 
MBVA-1, K - KS-6, T - TCMD-1, F - FPMD-6, U -UBMD-3, W - WIMD-2; H -UBHA-
* only two flasks were available for UBHA and WIMD isolates for week 3 and week 4
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FIGURE 3-3. Relative Protease Activity of Perkinsus marinus Isolates as 
Determined by the Relative Protease Concentration Present following Hide Powder
Azure Assay. Proteolytic activity is defined as the equivalent amount of trypsin (ng/pl) 
which produced the same OD reading (A 570) as sample following three hours incubation 
Data points with standard error bars were calculated from three flasks* for each isolate 
following each week in culture.
* only two flasks were available for UBHA and WIMD isolates for week 3 and week 4
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TABLE 3-8
ONE-W AY ANALYSIS O F VARIANCE O F PR O T E O L Y T IC  ACTIVITY 
AM ONG PERKINSU S M A R IN E S  ISOLATES
STA TISTICA L PA RAM ETERS
W EEK SOU RCE DF SS MS F P
W EEK  1
ISOLATE 7 0.0000135 0.0000019 17.24 0.000
ERROR 16 0.0000018 0.0000001
TOTAL 23 0.0000153
W EEK  2
ISOLATE 7 0.0000077 0.0000011 10.83 0.000
ERROR 16 0.0000016 0.0000001
TOTAL 23 0.0000093
W EEK  3
ISOLATE 7 0.0000223 0.0000032 6.60 0.002
ERROR 13 0.0000063 0.0000005
TOTAL 20 0.0000286
W EEK4
ISOLATE 7 0.0000972 0.0000139 41.81 0.000
ERROR 14 0.0000043 0.0000003
TOTAL 21 0.0001015
^Statistical Parameters: 
DF -  Degrees of Freedom 
SS -  Sum of Squares 
MS -  Mean Sum 
F -  F-ratio 
P -  P value
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remaining weeks. P-l ECP, which had the highest proteolytic activity per cell at week 4, 
had the lowest at week 1. Significant differences between ECP proteolytic activity per 
cell among isolates were detected by ANOVA for all four weeks (Tables 3-9 -  3-12). 
UBMD-3 ECP had significantly higher activity per cell than the ECP of the remaining 
isolates following one week (Table 3-9), but decreased following two weeks in culture at 
which point the proteolytic activity of UBMD-3 ECP was only significantly higher than 
TCMD-1 (Table 3-10). By week 4, four isolates, P -l, UBMD-3, MBVA-1 and FPMD-6, 
had significantly higher protease activity per cell than KS-6, TCMD-1, UBHA-2, and 
WIMD-2 (Figure 3-3) (Table 3-12).
Protein Profiles of ECP proteins
Thirty-three to thirty-seven bands were detected following SDS-PAGE of ECP 
from the eight Chesapeake Bay isolates, using non-reducing conditions and silver 
staining (Figure 3-4). No bands were detected from un-inoculated media. Differences in 
band presence and absence (Tables 3 -1 3 -3 -1 6 ) were detected between isolates as were 
differences within isolates from week to week. All replicate cultures of an isolate from 
the same week had the same banding pattern with similar band intensities. Fourteen of 
thirty-four bands detected in week one samples were common to all isolates (Table 3-13). 
P-l and MBVA-1 shared seventeen of twenty bands and UBMD-3 and UBHA-2 shared 
twenty-three of twenty-seven bands.
More differences were detected by SDS-PAGE in week two samples (Figure 3-4 
and Table 3-14). Only ten of thirty-four bands (Table 3-14) and six of thirty-seven bands 
(Table 3-15) were shared among all isolates for weeks two and three, respectively.
99
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TABLE 3-9
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 1 PROTEOLYTIC ACTIVITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00319 
Critical value = 4.90
Confidence limits for the differences between the means of each pair of groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).
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TABLE 3-10
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 2 PROTEOLYTIC ACTIVITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00319 
Critical value = 4.90
Confidence limits for the differences between the means of each pair of groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).
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TABLE 3-11
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 3 PROTEOLYTIC ACTIVITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00342 
Critical value = 5.05
Confidence limits for the differences between the means of each pair of groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).
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TABLE 3-12
TUKEY’S PAIRWISE COMPARISONS TO TEST FOR SIGNIFICANCE IN
DIFFERENCES IN WEEK 4 PROTEOLYTIC ACTIVITY AMONG ISOLATES
Family error rate = 0.0500 
Individual error rate = 0.00342 
Critical value = 5.05
Confidence limits for the differences between the means of each pair of groups; 
significant when the limits for the difference between a pair do not span zero 
(significant pairwise comparisons in bold).
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FIGURE 3-4. Non-Reduced Silver Stained SDS-PAGE Gels o f ECP Collected from 
Isolates of Perkinsus marinus from the Chesapeake Bay following One, Two, Three 
and Four Weeks in Culture. 1.1 pg o f protein were loaded into each lane.
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TABLE 3-13. ECP PROTEIN BANDS - WEEK 1 NON-REDUCED SILVER
STAINED GELS
NON-REDUCED SILVER 









































1 113589 + + + + + +
2 96200 + + +
3 91800 + + +
4 82086 + + + + + + + +
5 66200 + +
6 64059 + + + + + + + +
7 56697 + + + + + + + +
8 54869 + +
9 53316 + + + +
10 51799 + + + 4- + +
11 47437 + + + + + + -f
12 45111 + + + + + + + +
13 42062 + + + + + +
14 40812 + + + + +
15 39492 + +
16 37885 + + + + + + + +
17 36082 + + + + + + + +
18 33885 + + + + + + + +
19 31721 + + + + + + + +
20 29914 + + + + + + + +
21 28942 + + + + + + + +
22 27404 + + + + + + + +
23 25427 + + + + + +
24 24350 + + + + + + + +
25 21777 + + + + +
26 20659 + + + + + + + +
27 19249 +
28 18296 + + + + +
29 14977 + + + + + + +
30 12188 + + + + +
31 9479 + + + + + + + +
32 8712 + +
33 6184 + + + +
34 4130 + + + +
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TABLE 3-14. ECP PROTEIN BANDS - WEEK 2 NON-REDUCED SILVER
STAINED GELS
NON-REDUCED SILVER 





































2 89355 + + + + T + +
3 74266 + + + + +
4 67555 + + + + + + +
5 59386 + + + + + + +
6 59269 + +
7 54843 + + + + + + +
8 51523 + + + +
9 49077 + + + +
10 46794 + + + + +
11 44607 + + + + + +
12 43280 + + + +
13 41085 + +
14 39814 + + + + + + +
15 38316 + + + + + +
16 36458 + +
17 35305 + + + + + + +
18 33949 + + + + + + +
19 32898 + + + + +
20 30994 + + + + + +
21 30200 + + + + + + +
22 28896 + + + + +
23 28116 + + + + + +
24 26391 + + + + + +
25 25402 +
26 22688 + + +
27 19979 + +
28 16062 + + + + + +
29 14080 + + +
30 12949 + + + + + + +
31 11127 + + + + +
32 8959 + + + + + + +
33 7535 + + +
34 5371 +
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TABLE 3-15. ECP PROTEIN BANDS - WEEK 3 NON-REDUCED SILVER
STAINED GELS
NON-REDUCED SILVER 









































1 120302 + + +
2 98657 + + +
3 86505 + + + + + + + +
4 69320 + + + + + +
5 64314 + + + + + + + 4-
6 58100 + + + + +
7 56000 + + +
8 53240 + + + + + +
9 51800 +
10 46438 + + + + + +
11 44300 + + + + + +
12 42890 + + + +
13 42118 + + + + +
14 40471 +
15 39324 + + + + + + + +
16 37547 + + + + + +
17 34618 + + + + + + + -r
18 33574 + + + +
19 32353 + + + + + + + +
20 30992 + + + + +
21 30145 + + + + + + + +
22 29243 + + + + +
23 28311 + + + + + + +
24 26619 + + + + + + +
25 25664 + + +
26 24623 +
27 22997 + + +
28 22216 + +
29 20960 + + +
30 19030 + + +
31 16329 + + + + + + +
32 14402 + + + + +
33 13033 + + + + + 4- +
34 10754 + + + +
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TABLE 3-16. ECP PROTEIN BANDS - WEEK 4 NON-REDUCED SILVER
STAINED GELS
NON-REDUCED SILVER 
STAINED GELS ISOLATES WEEK 4
















WEIGHT l A 6 D D A D D
(D) 1 1 6 2 2 3
1 129474 + +
2 110359 + +
3 92353 + + + + + + + +
4 74000 + + + + + + +
5 66226 + + + + + + + +
6 58568 + + + + + + +
7 55176 + + + + + + + +
8 52773 + + +
9 49187 + + + + + + + +
10 47059 + + + + + + +
11 44544 + + + + + + +
12 42937 + + 4. + +
13 40610 + + + + + + + +
14 40333 +
15 38491 + + + + + +
16 35636 + + 4- + + + + +
17 34508 + + + + + + +
18 33179 + + + + + + + +
19 32597 + +
20 30696 + + + + + + + +
21 30252 + + + +
22 28955 + + + + + + + +
23 27230 + + + + + + +
24 25414 + + + +
25 23259 + +
26 21550 + + +
27 20526 + + + + +
28 16276 + + + + + + + +
29 15414 +
30 12848 + + + + + + + +
31 11616 + + + + +
32 8130 + + + + + +
33 5842 + + + +
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UBMD-3 was not included in the week two gel. By week four (Table 3-16), twelve of 
thirty-three bands were common to all isolates.
Protein bands from cell lysate (Figure 3-5) collected from UBMD-3 cultures, 
following each week, were identical to one another on SDS-PAGE silver stained gels and 
produced distinct banding patterns from ECP. The greatest concentration of protein 
bands from cell lysate occurred between 45 and 66 kDa in comparison to between 31 and 
35 kDa for ECP.
Under reducing conditions, twenty-one possible bands were detected (Figure 3-6, 
Tables 3-17 -  3-20), and the similarity between isolates and between weeks was more 
pronounced. M ajor bands, at approximately 43 kDa, 35 kDa and 32 kDa were common 
to all isolates throughout the experiment, except the 32 kDa band was not detected in KS- 
6 ECP following one week in culture nor was the 35 kDa band detected in TCMD-1 
following two weeks in culture. A 29 kDa band present at weeks three and four was 
absent in KS-6 ECP at week two and also not detected in TCMD-1 ECP or UBHA-2 ECP 
following week I. The 37 kDa band detected at week one in all but two isolates, P-l and 
TCM D -l, was not detected in any of the isolates by week 3. By week four, ECP protein 
profiles were very similar with most isolates producing bands at approximately 43, 35.
32, 29, 27 ,25 , 15 and 11 kDa.
Gelatin Substrate Gel SDS-PAGE
Analysis of the ECP by gelatin substrate SDS-PAGE revealed the presence of as 
many as five protease bands under non-reducing conditions (Figure 3-7), ranging in 
molecular weight from 24 kDa -  169 kDa. No protease bands were detected from cell
110
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FIGURE 3-5. Silver stained SDS-PAGE Gels Illustrating the Protein Bands Present 
in Cell Lysate at Weeks 1 ,2 ,3  and 4. 1.1 jig o f protein were loaded into each lane. 
Isolate UBMD-3 was used for the cell lysate analysis. A second silverstained SDS- 
PAGE gel containing protein bands from ECP following four weeks in culture is also 
shown for comparison.
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FIGURE 3*6. Silver stained SDS-PAGE Gels under Reducing Conditions of ECP 
Collected from Isolates of Perkinsus marinus from the Chesapeake Bay following 
One, Two, Three and Four Weeks in Culture. 1.1 pg o f  protein were loaded into each 
lane.
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TABLE 3-17. ECP PROTEIN BANDS PRESENT ON SILVER STAINED SDS-
PAGE GELS RUN UNDER REDUCING CONDITIONS FOLLOWING ONE
WEEK IN CULTURE
REDUCED SILVER 










































2 83020 + + +
3 75615 + + + + + + +
4 67884 + + + + + + +
5 64964 + + + +
6 53130 + +
7 47676 + + + + + + + +
8 44520
9 42694 + + + + + + + +
10 40835
11 37456 + + + + + +
12 35087 + + + + + + + +
13 32213 + + + + + + +
14 29342 + + + + +
15 27786 + + + +
16 25711 + + + + + + +
17 20231 + + + + +
18 17623
19 14852
20 10832 + + + + + + + +
21 7131 + + + + + + + +
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TABLE 3-18. ECP PROTEIN BANDS PRESENT ON SILVER STAINED SDS-
PAGE GELS RUN UNDER REDUCING CONDITIONS FOLLOWING TWO
WEEKS IN CULTURE
REDUCED SILVER 










































2 83020 + + + +
3 75615 + + + + + +
4 67884 + + + + + + + +
5 64964
6 53130 + +
7 47676 + + + + + +
8 44520
9 42694 + + + + + + + +
10 40835
11 37456 + + +
12 35087 + + + + + + +
13 32214 + + + + + + + +
14 29342 + + + + + + +
15 27786
16 25711 + + + + + + +
17 20231 +
18 17623 + + + +
19 14852 + +
20 10832 + + + + + + + +
21 7131 + + + + + + + +
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TABLE 3-19. ECP PROTEIN BANDS PRESENT ON SILVER STAINED SDS-
PAGE GELS RUN UNDER REDUCING CONDITIONS FOLLOWING THREE
WEEKS IN CULTURE
REDUCED SILVER 









































1 104010 + +
2 83020 + + + + +
3 75615 + + + + + + +
4 67884
5 64964 + + + + + + +
6 53130 + + + + +
7 47676 + + + + +
8 44520 + + + + + + +
9 42694 + + + + + + + +
10 40835 + +
11 37456
12 35087 + + + + + + + +
13 32214 + + + + + + + +
14 29342 + + + + + + + +
15 27786
16 25711 + + + +
17 20231 +
18 17623 + +
19 14852 + +
20 10832 + + + + + + + +
21 7131 + + + + + + + +
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TABLE 3-20. ECP PROTEIN BANDS PRESENT ON SILVER STAINED SDS-
PAGE GELS RUN UNDER REDUCING CONDITIONS FOLLOWING FOUR
WEEKS IN CULTURE
REDUCED SILVER 









































1 104010 + +
2 83020 + +
3 75615 +
4 67884 + + +
5 64964
6 53130 + +
7 47676 + +
8 44520
9 42694 + + + + + + + +
10 40835
11 37456
12 35087 + + + + + + + +
13 32214 + + + + + + + +
14 29342 + + + + + + + +
15 27786 + + + + + + +
16 25711 + + + + + +
17 20231 + +
18 17623 + + + +
19 14852 + + + + + + + +
20 10832 + + + + + + + +
21 7131
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
118
FIGURE 3-7. Non-Reducing Gelatin Substrate SDS-PAGE Gels of ECP Collected 
from P. marinus Isolates following One, Two, Three and Four Weeks of Culture.
Gels were stained with coomassie blue followed by de-staining for visualization of 
proteolysis. 1.1 pg o f protein were loaded into each lane for all isolates, with the 
exception of week one samples, where 2 pg o f protein were loaded into each lane.
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lysate or un-inoculated medium. Protease profiles of ECP following one week in culture 
showed a high intensity band at approximately 53 kDa present in all eight isolate 
cultures. The intensity of this band varied from isolate to isolate. Four additional bands, 
with approximate molecular weights of 143 kDa, 104 kDa, 78 kDa and 29 kDa, were also 
detected, but not within all isolates (Table 3-21). P -l was the only isolate to possess all 
five bands.
Protease profiles of ECP collected at weeks 2, 3, and 4 (Figure 3-7) differed from 
those observed in week 1 ECP. Seven bands were detected at each of these time points 
(Figure 3-7 and Figure 3-8), with molecular weights ranging between 20 kDa and 179 
kDa. The higher intensity bands were detected above 70 kDa, with only faint bands 
detected below. Banding patterns remained fairly constant between weeks 2-4 for 
individual isolates, with band intensity increasing over time. Proteolytic band patterns, 
however, varied among isolates (Table 3-22). TCMD-1 ECP failed to produce any 
detectable proteolytic activity for weeks 2, 3, and 4 under non-reducing conditions. Two 
faint lower molecular weight proteolytic bands were detected from UBHA-2 ECP, but 
were not seen in the other seven isolates.
Gelatin gel electrophoresis under reducing conditions produced higher band 
intensities as well as some fainter lower molecular weight bands compared to those 
observed on non-reducing gels (Figures 3-8 and 3-9). The total number of different 
bands detected among all isolates at week one increased from five, observed under non­
reducing conditions (Table 3-21), to ten detected under reducing conditions (Table 3-23). 
Molecular weights for three of the bands previously undetected under non-reducing 
conditions were below 50 kDa. Interestingly, ECP from TCMD-1, which did not
121
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TABLE 3-21. ECP PROTEASE BANDS OF P. M ARIN  US ISOLATES PRESENT
ON GELATIN SUBSTRATE SDS-PAGE GELS RUN UNDER NON-REDUCING
CONDITIONS FOLLOWING ONE WEEK IN CULTURE
NON-REDUCED IS<V
DLATES 
/E E K 1















HWeight (D) 1 A 6 D D D D A
1 l 6 3 2 m
1 142629 + +
2 104128 + + + + + +
3 78374 + + + + + +
4 53043 + + + + + + + +
5 29123 + + + + + + +
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FIGURE 3-8. Comparison of a Gelatin Substrate SDS-PAGE Gel Run under Non- 
Reducing Conditions (top) to a Gelatin Substrate SDS-PAGE Gel Run under 
Reducing Conditions (bottom) of ECP Collected from P. marinus Isolates following 
Three and Four Weeks of Culture. Gels were stained with coomassie blue followed by 
de-staining for visualization of proteolysis. 1.1 pg o f protein were loaded into each lane 
for all isolates. The same samples from each isolate were used for reducing gels as non­
reducing gels.
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TABLE 3-22. ECP PROTEASE BANDS OF P. M AR IN  US ISOLATES PRESENT ON GELATIN SUBSTRATE SDS-PAGE




























































































































1 168304 + + + + + + + + + + + + + + +
2 128098.3 + + + + + + + + + + +
3 96516 .5 + + + + + + + + + + + + + + + + +
4 74138 .20 + + + + + + + + + +
5 58065.77 + + + + + + + + + + + + +
6 32919.85 + +


















































FIGURE 3-9. Comparison of a Gelatin Substrate SDS-PAGE Gel Run under Non- 
Reducing Conditions (top) to a Gelatin Substrate SDS-PAGE Gel Run under 
Reducing Conditions (bottom), of ECP Collected from P. m arinus Isolates following 
O ne W eek of Culture. Gels were stained with coomassie blue followed by de-staining 
for visualization of proteolysis. 1.1 pg o f  protein were loaded into each lane for all 
isolates. The same samples from each isolate were used for reducing gels as non­
reducing gels.
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TABLE 3-23. ECP PROTEASE BANDS OF P. M ARINUS  ISOLATES PRESENT
ON GELATIN SUBSTRATE SDS-PAGE GELS RUN UNDER REDUCING





p M K T F U W U
Band Average l B S C P B I B
Molecular V 6 M M M M H
Weight (D) A D D D D A
1 1 6 J 2 2
1 110103 + +
2 97411 + + + + + + + +
3 84461 + + +
4 73907 + + + + + + + +
5 62719 + + +
6 58260 + + + + + + + +
7 42753 + + + + + + + +
8 32683 + + + + + + + +
9 29389 + + +
10 17980 +
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demonstrate detectable proteolytic activity under non-reducing conditions following 
weeks 2, 3 and 4, produced band intensities similar to the other isolates (Figure 3-8). 
Similar molecular weights were determined for bands in both reducing and non-reducing 
gels, however, under reducing conditions, the 76 and 102.5 kDa bands were the only two 
bands common to most isolates (Table 3-24) during weeks two, three and four. The 
remaining five bands observed among all of the isolates under reducing conditions (Table 
3-24) were rarely detected in more than two isolates.
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TABLE 3-24. ECP PROTEASE BANDS OF P. M ARIN  US ISOLATES PRESENT ON GELATIN SUBSTRATE SDS-PAGE
GELS RUN UNDER REDUCING CONDITIONS FOLLOWING TWO, THREE, AND FOUR WEEKS IN CULTURE










p M K T F U W P M K T F U W p M K T F U \V
Band l B S C P B I 1 B S C p B I I B S C p B 1Molecular V 6 M M II M V 6 M M II M V 6 M M II M
Weight (D) A D D A D A D D A D A D D A D
1 1 6 2 2 1 1 6 2 2 1 1 6 2 2
1 166866.5 + + + +
2 131125 + +
3 102536 + + + + + + + + + + + + + + + +
4 76016 .7 + + + + + + + + + + + + + + + + + + + + +
5 59075 + +
6 34950 + + +



















































Variation in Cell Density. Viability and Cell Size
There were definitive differences in cell density, viability and cell size among 
different cultured isolates of P. marinus from the Chesapeake Bay. In vivo, growth rate 
would be an important factor in disease progression, as increased depletion of host 
nutrients and challenge to the oyster’s immune system could swing the parasite-host 
balance in favor of the parasite. Choi et al. (1989), however, suggested that at most 
infection levels, P. marinus may only serve as a consistent drain on the energy available 
for the oyster, and only have significant effects on the growth rates and respiration rates 
of oysters with moderately heavy to heavy infections.
Whether growth rate and cell size are related cannot be determined from this 
study since cell size was only taken at one time point, week 4. However cell size was 
inversely correlated with cell density at week 4. Isolates with smaller cells (P-l and 
M BVA-l) had higher cell densities, whereas isolates with the largest cells (KS-6 and 
UBMD-3) had the lowest cell densities. Dungan and Hamilton (1995) discussed the 
heterogeneity in cell size present in P. marinus cultures; however, they ultimately 
observed homogenous populations of smaller cells from log phase populations, which 
was not observed in this study. Although an attempt to produce homogenous cell size 
was made in this study by using similar seed density as well as recently passed cultures, 
not all isolates followed the trend observed by Dungan and Hamilton (1995). Bushek
131
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(personal communication, April 6, 2001) has routinely observed a wide range of cell 
sizes within individual cultures, particularly when cells are not growing exponentially. 
Examination of the cell densities recorded at week one would indicate that many if not all 
of the isolates were not in log phase. Previous studies have reported log phase doubling 
times of 24h (Gauthier and Vasta, 1993), 13 h (Dungan and Hamilton, 1995) and 17 h 
(La Peyre and Faisal, 1996). Cell densities were not calculated during the first seven 
days o f this study, therefore it is not known if any of the isolates had comparable 
doubling times during the first few days. Whether the difference in cell size was due to 
genetic differences among isolates or to the life stage of the isolate is not known. As 
defined in the materials and methods, trophozoites and tomonts were both defined as a 
cell. This definition has some disadvantages since it is not possible to distinguish 
between an enlarged trophozoite and a tomont by size alone. For future work, separation 
of the two cell types for statistical analysis is necessary. In addition, more time for all 
isolates to become adjusted to the medium prior to the initiation of the experiment to 
synchronize the isolates. In future studies, this should be attempted; however, synchrony 
is difficult to accomplish with multiple isolates.
There was no apparent positive relationship between viability and increase in cell 
density. TCMD-1, which was one o f only three isolates that showed an increase in cell 
density over the course of the experiment, consistently reported lower viability levels 
(<90%). In addition, in week 4, MBVA-1 was one of two isolates that had a decrease in 
cell density over that observed in week 3, however the viability was greater than 99%.
It is not possible to determine whether specific band patterns in lysate coincide 
with specific bands in ECP. Changes in the chemical make-up of the media due to cell
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lysis may affect the protein profiles and proteolytic activity o f the ECP. These changes 
could be due to the reaction o f the parasite to differing environmental conditions or to 
post-secretion modulation of the protease. In addition, increased cell proliferation could 
have a similar effect as the nutrients in the media are utilized and waste products 
produced, thereby also changing the chemical make-up of the media.
Protein Gel Analysis
Differences in protein profiles detected by SDS-PAGE and silver staining among 
isolates may suggest that isolates of P. marinus are not identical. As stated above, 
however, some variations in band patterns may not have been due to the secretion of 
different size proteases, but due to modifications of the protease once released by the 
cells into the media. The latter is supported by two observations. First, protein band 
profiles revealed on silver stained SDS-PAGE gels of ECP in non-reducing conditions, 
collected following one week (Figure 3-4) in culture were more similar among the eight 
isolates (fourteen of thirty-four bands) (Table 3-13) than detected throughout the 
remainder of the study. Second, SDS-PAGE under reducing conditions (Figure 3-6) 
further decreased the differences present, not only among isolates, but also between 
weeks. Although the cell lysate protein profiles (Figure 3-5) did not resemble ECP 
protein profiles, cell lysate released from dying cells could still affect biochemical 
properties of the extracellular proteins present (e.g. glycosylation, sulfide bond 
formation) thereby altering their molecular weights. Differences, however, in ECP 
protein banding patterns still existed among isolates of similar cell density, ceil size and
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viability (e.g. MBVA-1 and P -l), thereby, supporting the existence of biochemical 
differences among P. marinus isolates.
Proteolytic Activity
Significant differences in the proteolytic activity of ECP using the hide powder 
azure assay, were detected among several of the isolates used in this study, especially in 
week 4 of the study. La Peyre et al. (1995b) reported increasing proteolytic activity 
during culture of isolate P -l when using azocasein as a substrate. Increased ECP was 
also observed for P-l and two other isolates in the present study, WIMD-2 and MBVA-1, 
using different substrates (hide powder and gelatin). ECP produced by five of the 
isolates had decreasing proteolytic activity, as observed by hide powder azure assay, from 
week one to two or from week two to three. This was in contrast to gelatin substrate 
SDS-PAGE where proteolysis of the substrate increased from week one through to week 
four [Figure 3-7 (note: 2 ug of protein were loaded in gel 1, in comparison to I ug for the 
remaining gels; figure 3-9 contains a picture of a week 1 gel with 1 ug of protein loaded 
into each lane)]. Caution, however, is necessary when interpreting the data from the hide 
powder azure assay. The activity of trypsin was used for a standard curve in order to 
relate results among different plates and different isolates. Differences in the ECP and or 
protease components, however, of separate isolates may produce varying results 
following the hide powder azure assay. Inhibition of protease activity could occur within 
the ECP of one isolate, but not another, over the course of the experiment. In the case of 
TCMD-1, perhaps the low proteolytic activity levels detected were due, not to the 
absence of protease, but to the presence of an inhibitor.
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Protease Profiles
The proteolytic band profiles detected on gelatin substrate SDS-PAGE gels of 
ECP were unexpected for three reasons. First, ECP protease profiles following one week 
in fresh media were different from profiles observed over the remaining three weeks. 
Second, greater variation in ECP protease profiles was detected on non-reducing gels 
among isolates during weeks two to four, however, little variation, except in increased 
intensity, occurred between weeks for individual isolates. And third, both La Peyre et al.
( 1995b) and McLaughlin et al. (2000a) reported the presence of several low molecular 
weight, high intensity bands for the P-l isolate, but in this study these bands were 
undetectable for P -l. Furthermore, these bands were not detected in any of the remaining 
isolates under non-reducing conditions, with the exception of UBHA-2. Interestingly, 
recent work using the same P-l isolate, two years later, has revealed a reversion of the 
ECP protease profile (Chris Eamhart, VIMS, personal communication, April, 2001) to 
that first observed by La Peyre et al. (1995a). Although it is not possible to provide a 
definitive explanation for the differences observed within an isolate over a long time 
period, it is fascinating to consider the complex interactions of the parasite with its 
environment.
In conclusion, significant differences in cell growth, cell size, viability, ECP 
protein profiles, ECP proteolytic activity and ECP protease profiles were detected among 
P. marinus isolates from the Chesapeake Bay. Although care must be taken when 
making inferences regarding the relative degree of variation and the implications of the 
variation, variation among isolates was detected at all of the parameters tested. An 
important finding that needs to be further examined.
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CHAPTER FOUR: ISOLATION AND CHARACTERIZATION OF A SERINE 
PROTEASE GENE(S) FROM PERKINSUS MARINUS
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ABSTRACT
The following study reports the first serine protease gene isolated from Perkinsus 
marinus. Using universal primers, a 518 bp subtilisin-like serine protease gene fragment 
was amplified from P. marinus genomic DNA and used as a probe to screen a X phage P. 
marinus genomic library. Two different types o f  X phage DNA clones hybridized to the 
DIG-labeled subtilisin-like gene fragment. Restriction enzyme digestion and Southern 
blot analysis of the phage inserts revealed two different sized hybridizing fragments from 
the two types o f X phage clones. Following subcloning and sequencing of the larger 
DNA fragment, a 1254 bp open reading frame was identified, and later confirmed by 5' 
and 3' random amplification o f  cDNA ends (RACE) and northern blot analysis, to contain 
the entire coding region sequence. Southern blot analysis of genomic DNA from twelve 
P. marinus isolates revealed two different banding patterns among isolates. Sequence 
analysis of the 3' RACE results from two isolates, P-l and LA 10-1, revealed multiple 
polymorphic sites within and among isolates. The nucleotide sequence from one cDNA 
clone, 3pP lF 2B l, had only 95.53% similarity to others, suggesting the possibility of a 
second, closely related gene. In addition, more than two sequence types were observed 
within one isolate, further supporting the possibility of two genes and/or the occurrence 
of genetic recombination.
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INTRODUCTION
Serine protease genes have been isolated from a large number of parasitic 
protozoa including Neospora caninum  (Louie and Conrad, 1999), Plasmodium species 
(Blackman et al., 1998; H ackettet al., 1999), and Trypanosoma sp. (Sakanari et al., 1989; 
Morty et al., 1999). Interest in these genes stems from the potential roles they play in 
parasite evasion of host defense mechanisms (Chaudhuri et al., 1989), parasite invasion 
of host tissue (Banyal et al., 1981; Blackman et al., 1998; Hackett et al., 1999), and 
parasite metabolism and parasite growth (McKerrow et al., 1993). Chymotrypsin-like 
serine proteases detected in the extracellular products of in vitro Perkinsus marinus 
cultures have also been implicated in the progression of Dermo disease. Lytic factors 
present in ECP have been found to increase infection intensity, degrade fibronectin and 
laminin (La Peyre et al., 1996), and suppress some immune functions (Garreis et al, 1996; 
Tall et al., 1999). There are no reports, however, of any serine protease gene sequences 
isolated from P. marinus. To date, the only identified gene sequences for P. marinus are 
the partial actin gene sequences isolated by Reece et al., (1997b) and the 5.8S (Goggin, 
1994), the 5S (Marsh et al., 1995), and the small subunit (SSU) (Fong et al., 1993) genes 
of the ribosomal RNA gene unit.
The use of degenerate primers in the polymerase chain reaction (PCR) to amplify 
serine protease gene fragments (Sakanari et al., 1989; Blackman et al., 1998) has
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
facilitated the isolation of serine protease genes from multiple organisms. Sakanari et al. 
(1989) designed primers from conserved regions surrounding the serine and histidine 
catalytic domains present in chymotrypsin-like serine proteases. Blackman et al. (1998) 
designed subtilisin-like serine protease primers based on the conserved amino acids 
H is170- G ly176 and Met328-Gly355 of the histidine and serine catalytic domains. Amplified 
gene fragments can be used to probe cDNA and/or genomic libraries in order to isolate 
the remainder of the gene. Using this approach, two genes, PfSUBl (Blackman et al., 
1998) and PfSUb2 (Hackett et al., 1999), were identified from Plasmodium falciparum  
and have been implicated in erythrocyte invasion.
In addition, isolation of a serine protease gene could provide an additional locus 
to examine genetic strain variation in P. marinus. Bushek and Allen (1996a, 1996b) 
suggested the existence of different “races” of P. marinus following disease challenge 
studies whereby Atlantic coast isolates produced heavier infections than Gulf coast 
isolates. Little work, however, has been done to examine strain variation at the molecular 
level. Reece et al. (in press) demonstrated genetic variation among P. marinus isolates at 
eight loci by restriction length polymophism analysis revealing twelve composite 
genotypes for the eighty-four isolates analyzed. In contrast, Robledo et al. (2000) found 
no sequence variation within the internal transcribed spacers of the ribosomal RNA gene 
unit and only two sequence types in the non-transcribed spacer regions.
In this study, the primers designed by Sakanari et al. (1989) and Blackman et al.,
(1998) were utilized in PCR reactions with P. marinus genomic DNA in an attempt to 
identify a serine protease gene. Since chymotrypsin-like serine proteases are the largest 
family of serine proteases and there is evidence of chymotrypsin like serine protease
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activity in P. marinus ECP (La Peyre et al., 1995), it was hypothesized that a minimum of 
one chymotrypsin-like gene would be identified in P. marinus using Sakanari’s primers. 
Subtilisin-like serine protease primers (Blackman et. al., 1998) were also selected 
because of the apparent importance of subtilisin-like serine proteases in Plasmodium  
infections (Banyal et al. 1981; Blackman et al., 1998; Barale et al., 1999; Hackett et al., 
1999; Sajid et al., 2000) and their widespread occurence in nature (Barrett et al., 1998).
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MATERIALS AND METHODS
Amplification of a Serine Protease Gene Fragment
Degenerate “universal” primers (Elvin et al., 1993; Sakanari et al., 1989;
Blackman et al., 1998), designed from conserved regions (amino acids His-57 and Ser- 
195 of bovine chymotrypsin) present in most serine proteases, were used to amplify 
genomic DNA from P. marinus in polymerase chain reactions (PCR). The forward 
primer, 5'-ACA GAA TTC TGG GTN GTN CAN GCN GCN CAY TG-3’ and the 
reverse primer, 5'-ACA GAA TTC ARN GGN CCN CCN SWR TCN CC-3' were 
designed by Sakanari et al (1989). The forward primer, 5'-CAY GGI ACI CAY GTI GCI 
GG-3'. and the reverse primer, 5'-CCI GCI ACR TGI GGI GTI GCC AT-3' were 
designed by Blackman et al. (1998). Approximately 10 ng DNA from a York River 
isolate of P. marinus, P -l, was used in 50 pi reactions containing 0.5 mM dNTP, 3.5 mM 
or 2.0 mM MgCl2 , 5 pi of 10X reaction buffer, 50 pM of each relevant primer and 2.5 U 
of Taq polymerase (Perkin-Elmer Co., Norwalk, CT). Amplifications were performed 
using a PTC-200 Peltier Thermal Cycler (MJ Research, Watertown, MA) under three 
different temperature cycling parameters titled SERI, SER2 and SER3. SERI began 
with a denaturation at 94°C for 2 min, followed by 40 cycles of: 94°C for 2 min, 55°C for 
1 min, and 72°C for 2 min; with a final extension cycle at 72°C for 10 min. SER2 began 
at 94°C for 2 min, followed by 2 cycles of: 94°C for 2 min, 35°C for 2 min 30 seconds, 
and 72°C for 3 min; followed by 40 cycles of: 94°C for 2 min, 57°C for 2 min, and 72°C
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for 3 min; with a final extension cycle at 72°C for 10 min. SER3 began at 94°C for 2 
min, followed by 2 cycles of: 94°C for 2 min, 25°C for 1 min, and 72°C for 2 min; 
followed by 40 cycles of: 94°C for 2 min, 55°C for 2 min, and 72°C for 2 min; with a 
final extension cycle at 72°C for 10 min. PCR products were analyzed on a 2% agarose 
gel with a 1 kb DNA ladder (Life Technologies Inc) as a size standard.
Shotgun Cloning and Sequencing
Amplified fragments were ligated into the TA cloning vector pCR 2.1 (Invitrogen 
Corporation, Carlsbad, CA) and transformed into Escherichia coli IN F aF  according to 
the manufacturer. Following blue/white screening, selected clones were cultured in 2X 
YT media containing ampicillin and the plasmid DNA was extracted using 
PERFECTprep plasmid DNA purification Kit (Eppendorf 5’; Boulder, CO). The DNA 
was quantified and sequenced as described in Chapter 2. All sequences were subjected to 
BLASTN and BLASTX analysis (Altschul, 1990) against GenBank to determine whether 
they were similar to serine protease genes.
Probe Design for Screening a Perkinsus marinus k  phage library
The insert of one clone containing a 518 bp fragment that demonstrated sequence 
similarity to serine protease genes of the subtilisin family was selected for probe 
development. The PERFECTprep (Eppendorf 5’, Boulder, CO) plasmid DNA 
purification product from this clone was digested with EcoR I and run out on a 1% 
agarose gel. The 518 bp band was excised from the gel and subjected to the Gene Clean 
Spin Kit (Bio 101, Vista, CA) following manufacturer’s protocol. The insert fragment
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was labeled with digoxigenin using the random primed labeling kit and DIG-High Prime 
(Boehringer Mannheim; Indianapolis, IN). Briefly, 10 to 300 ng of DNA were denatured 
at 100°C for ten minutes and chilled on ice. Four pi of DIG-High prime were added and 
the mixture incubated at 37°C overnight. Two pi of 200 mM EDTA were added to 
terminate the reaction.
Screening of Perkinsus marinus X phage library
Host strain XLl-Blue cells were grown overnight in YT broth containing 0.2% 
(v/v) maltose and 10 mM MgSCL. XLl-Blue cells were pelleted and resuspended in 
lOmM MgSO.i to a final dilution with an OD6oo=0-5. Prepared host cells were stored up 
to three days at 4°C and used for X phage plating, generally following the protocol o f 
Sambrook et al. (1989). Briefly, to 200 pi of host cells, 1 pi of packaged phage material 
( 10J) from a P. marinus genomic library (Reece et al., 1997a) was added and incubated at 
37°C for 15 minutes. Three ml of NCZYM top agar (48°C) were added to samples, 
mixed briefly and poured onto NCZYNI bottom agar plates. Following growth of phage 
overnight at 37°C, plates were placed at 4°C until plaque lifts. Plaques were lifted with 
nylon filter membranes (Boehringer Mannheim, Indianapolis, IN). The membranes were 
placed on Whatmann 3MM paper, individually soaked with denaturation solution (0.5 N 
NaOH, 1.5 M NaCl) for five minutes, neutralization solution [1.0 M TRIZMA (pH 7.5), 
1.5 M NaCl] for fifteen minutes, and 2X SSC for 10 minutes. DNA was fixed to the 
membrane using an UV crosslinker (Stratagene, La Jolla, CA). Membranes were treated 
with proteinase K (2mg/ml stock solution) prior to hybridization with the digoxigenin 
labeled probe.
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Hybridization procedures followed manufacturer’s protocol (Boehringer 
Mannheim Manual, 1995). Briefly, following an hour prehybridization in EasyHyb 
solution (Boehringer Mannheim, Indianapolis, IN) at 42°C, nylon membranes were 
hybridized overnight in hybridization bottles to denatured probe. Membranes were 
washed twice, five minutes per wash, in 2X wash solution (2X SSC; 0.1% SDS) at room 
temperature followed by two additional washes for 15 minutes each in 0.5X wash 
solution (0.5X SSC; 0.1% SDS) at 68°C. Membranes were equilibrated for one minute in 
washing buffer [0.3 %(w/v) Tween; maleic acid buffer], and washed briefly with maleic 
acid buffer. Blocking of membranes was performed using manufacturer’s blocking 
solution (Boehringer Mannheim, Indianapolis, IN) for one hour at room temperature. 
Membranes were incubated for thirty minutes in anti-digoxigenin AP/blocking solution at 
a final ratio of 1:10,000. Following washes, membranes were equilibrated in detection 
buffer [100 mM Tris-HCl (pH 9.5), 100 mM NaCl] for two to five minutes at room 
temperature. The membranes were incubated with the chemiluminescent substrate CSPD 
(Boehringer Mannheim, Indianapolis, IN) for twenty minutes followed by exposure to X- 
ray film to identify colonies containing the sequence of interest. Phage stocks were 
created by picking isolated plaques from the NZCYM agar plates with sterile pasteur 
pipets and placing them in 1 ml of SM buffer with 20 pi of chloroform for storage at 4°C.
Phage DNA Isolation
Phage DNA was isolated by a plate lysate method using the Lambda DNA 
Purification Kit according to manufacturer’s protocol (Stratagene, La Jolla, CA). Briefly, 
host strain X Ll-Blue cells were grown overnight in YT broth containing 0.2% (v/v)
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maltose and 10 mM MgSCL. X Ll-Blue cells were pelleted and resuspended in lOmM 
MgSCL and stored up to three days at 4°C. Two hundred pi of host cells were added to 
100 or 200 pi of phage stock from each sample and incubated at 37°C for 30 minutes. 
Samples were added to 3 ml of NCZYM (SIGMA, St Louis, MO) top agar [NZCYM 
broth with 0.7% (w/v) agarose] (48°C) and poured onto NCZYM bottom agar plates. 
Following growth of phage overnight at 37°C, 3-5 ml of storage medium (SM) buffer [10 
mM NaCl, 50 mM TRIS-HC1 (pH 7.5), 0.01% (w/v) gelatin, 8 mM M gS04 7H20 ]  were 
added to the plate surface and incubated for 3 hours at room temperature. The SM buffer 
(now containing phage) was transferred to clean tubes and 1/50 volume of chloroform 
added. Samples were then vortexed. After ten minutes, with periodic mixing, cell debris 
was pelleted and the supernatant removed to a clean tube. DNase I (Final concentration 
of 20 pg/ml) was added to the supernatant and incubated at room temperature for 15 
minutes. Following centrifugation at 14,000 rpm for 5 minutes, the supernatant was 
transferred to a fresh tube. Half volume of DEAE cellulose was added to the supernatant 
followed by incubation at room temperature for ten minutes. Following a brief 
centrifugation (1 min, 14,000 rpm), the supernatant was transferred to a new tube. EDTA 
(final concentration o f 20 mM), 15.4 pi of pronase stock solution (50 mg/ml) and RNase 
(final concentration of 8 pg/ml) were added to the samples and incubated for 15 minutes 
at 37°C. CTAB stock solution (5%) was added for a Final concentration of 0.1% (v/v) 
and incubated at 65°C for 3 minutes. Samples were cooled on ice for Five minutes and 
centrifuged (14,000 rpm) for 10 minutes to pellet phage DNA. DNA pellets were 
resuspended in 200 pi of 1.2 M NaCl, 2.5 volume of 100% ethanol added and 
microcentrifuged at 14,000 rpm for 10 minutes at room temperature. Pellets were
148
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
washed with 70% ethanol twice, dried and resuspended in TE buffer [1 mM Tris-HCl 
(pH 8.0), 0.1 mM EDTA].
Southern Blot Analysis
Phage DNA was digested in separate reactions with the restriction enzymes Sal I, 
Sst I, and Xho I, overnight at 37°C, electrophoresed on a 1% agarose gel, and a Southern 
blot performed according to Sambrook et al. (1989). Briefly, following electrophoresis, 
gels were placed in 250 mM HC1 for ten minutes at room temperature and rinsed with 
water. Following depurination, gels were submerged twice in denaturation solution 
(0.5N NaOH, 1.5 M NaCl) for 15 minutes at room temperature, rinsed with water and 
submerged twice in neutralization solution (0.5 M Tris-HCl, pH 7.5; 3 M NaCl) for 15 
minutes at room temperature. DNA was blotted by capillary transfer from the gel to a 
positively charged nylon membrane (Boehringer Mannheim, Indianapolis, IN) overnight 
using 20X SSC buffer at room temperature. Following blotting, membranes were Fixed 
by UV radiation (Stratagene, La Jolla, CA). The nylon membranes were then 
prehybridized at 42°C in 30 ml of DIG Easy Hyb (Boehringer Mannheim, Indianapolis, 
IN) for two hours. Hybridization and post hybridization detection were performed as 
described above for X phage screening.
Subcloning and Sequencing
DNA fragments identified by Southern blot analysis to contain serine protease 
gene fragments were cloned into KS+ Bluescript (Stratagene, La Jolla, CA). Prior to 
cloning, the KS+ Bluescript vector was digested with Sal I and treated with phosphatase
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according to Sambrook et al (1989). DNA from identified phage clones was digested 
with Sal I and electrophoresed on a 1% agarose gel. The desired fragments were isolated 
using the Gene Clean Spin Kit (Bio 101, Vista, CA) following manufacturer’s protocol. 
Fragments were ligated to the vector using T4 DNA ligase at 14°C overnight. 
Transformation into D H 5a competent cells (Life Technologies, Gaithersburg, MD) was 
performed according to manufacturer’s protocol. Following blue-white screening, 
PERFECTprep plasmid DNA isolations were performed for those samples containing 
inserts. Correct sized inserts were sequenced as described above. Due to the large size 
( -  4 kb) of the insert, internal sequencing primers were designed in order to read through 
the entire sequence [forward primer Sub2R700 (5' - A AG GTG AC A GTC GGT GTG 
AA - 3') and reverse primer SublF800 (5' CAT CGT GGT TCA AGC GTT - 3') (Figure 
4-1). BLAST search and CLUSTALW alignments were performed to confirm 
relationship with serine proteases and the presence of the 518 bp probe sequence.
Genomic Southern Blot Analysis
Genomic Southern blots were performed on twelve genetically distinct cultured 
isolates of P. marinus listed in Table 4-1. Genomic DNA was isolated as described 
previously. DNA was quantified using a spectrophotometer to ensure that an equivalent 
amount (330 ng) from each isolate was used for each independent digestion with Sal I or 
Nci I overnight at 37°C. Southern blots, hybridization and detection techniques were 
identical to those reported above.
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FIGURE 4-1. Sequencing Approach of Subcloned X Phage DNA Fragment (~ 4 kb) 
from X Phage Clone CIA. Initial sequencing reactions of the subcloned X phage DNA 
fragment, 15L38, did not read through the entire sequence, therefore internal sequencing 
primers (Sub2R and SublF) were designed from the 15L3A8 and I5L3A7 sequences, 
respectively, to obtain the remainder of the sequence. A 1254 bp open reading frame 
(dark blue) containing the 518 bp probe sequence (red) was identified.
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TA BLE 4-1 
PERK IN SU S M ARIN U S  ISOLATES
ISOLATE* O R IG IN CO M PO SITEGENOTYPE**
MA 3-9 Wareham River, MA 3
MA 2-11 Nantucket Sound, MA 1
MA 1-1 Cotuit Bay, MA 2
NJ 3-1 Delaware Bay, NJ 5
VA-2 (P -l) York River, VA 9
VA-5 (HVA 18) Lynhaven River, VA 8
SC 3-2 Crabhaul Creek, SC 3
SC 2-4 Clambank Creek, SC 1
LA 23-7 Mozambique Point, LA 4
LA 10-1 Grand Terre, LA 4
LA 8-11 Bay Tambour, LA 9
LA 5-2 Grand Terre, LA 3
* Isolate designation according to Reece et al. (in press), (designations in parentheses are 
original researcher’s)
** Composite genotypes are based on RFLP analysis of eight polymorphic loci (Reece et 
al., in press)
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Total RNA Isolation
RNA was isolated from each isolate using the TRIzol reagent system (Life 
Technologies, Gaithersburg, MD) (Simms et al., 1993). This system is based on the 
acid:phenol:guanidine isothiocyanate RNA extraction protocol of Chomczynski and 
Sacchi (1987). Briefly, approximately 108 P. marinus cells were collected by 
centrifugation and resuspended in 1 ml of TRIzol reagent. One-fifth volume of 
chloroform was added to the samples and vigorously mixed. Separation of organic and 
aqueous phases was performed by centrifugation and the aqueous phase removed. RNA 
was precipitated from the aqueous phase using 0.5 ml of isopropanol, the sample 
recentrifuged and the supernatant discarded. The pellet was resuspended in 4M LiCl to 
remove excess polysaccharides. Following centrifugation, the pellet was washed with 
75% ethanol, dried and resuspended in diethyl pyrocarbonate (DEPC) treated water. The 
RNA was quantified by A 260 measurement.
y  RACE System for Rapid Amplification of cDNA Ends
Five (ig of total RNA from the York River, Virginia isolate P -l and from the 
Louisiana isolate La 10-1, were individually converted to first strand cDNA and target 
cDNA amplified according to manufacturer’s protocol (Figure 4-2) (Life Technologies, 
Gaithersburg, MD). All components, with the exception of RNA and gene specific 
primers were provided with the 3' RACE System for Rapid Amplification of cDNA Ends 
Kit (Life Technologies, Gaithersburg, MD). Briefly, 1 )il of 10 (iM adapter primer (AP) 
solution was added to 5 pg of total RNA from each isolate (P -l and La 10-1). The 
mixture for each reaction was heated to 70°C for ten minutes and chilled on ice for one
154
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FIGURE 4-2. Overview of the 3' RACE System.
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minute. Final composition of each reaction was 20 mM Tris-HCl, 50 mM KC1, 2.5 M 
MgCL, 10 mM DTT, 500 nM AP, 500 pM each o f dATP, dCTP, dGTP, dTTP, and 5 pg 
of total RNA. The above mixtures were equilibrated at 42°C for five minutes and 1 pi 
SUPERSCRIPT n  RT was added. Following incubation at 42°C for fifty minutes, the 
reactions were terminated by maintaining the mixture in a 70°C water bath for fifteen 
minutes and chilling on ice. One pi o f RNase H was added to each tube, incubated at 
37°C for twenty minutes and stored at -20°C. Two control reactions, one for each isolate 
were perform ed without reverse transcriptase to determine whether an amplification 
product was of genomic or cDNA origin.
Amplification of target cDNA from the first strand cDNA reactions above, was 
performed in a separate tube using different gene specific primers in conjunction with the 
abridged universal amplification primer (AUAP) provided in the 3' RACE System for 
Rapid Amplification of cDNA Ends Kit (Life Technologies, Gaithersburg, MD). Two 
gene specific primers were designed from the serine protease gene sequence determined 
previously: primer SERRTF1, 5'-AGG AAG CAG TTC GCT CAG TCA G -3', and 
primer SERRTF2, 5'-TCC TCT TCT CGG CAC CAA TGA C-3'. Final reaction 
compositions were 20 mM Tris-HCl (pH 8.4), 50 mM KC1, 1.5 MgCL, 200 nM of gene 
specific primer (SERRTF1 or SERRTF2), 200 nM AUAP, 200 pM  each of dATP, dCTP, 
dGTP, dTTP, 0.1 unit of Taq DNA polymerase. Two pi from the cDNA reactions were 
added to appropriate tubes and PCR was performed using a Biometra Tgradient 
thermocycler (Whatman Biometra, Goettingen, Germany). PCR conditions were as 
follows: 1 cycle at 94°C for 2 minutes followed by 35 cycles of 94°C for 2 minutes,
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67.5°C for 1 minute, 72°C for 1 minute 45 seconds, followed by 1 cycle at 72°C for 10 
minutes and then maintained at 4°C until removal.
PCR reactions were analyzed on a 1% agarose gel. Appropriate length 
amplification products were identified and cloned into the plasmid vector pCR2.1 
(Invitrogen, Carlsbad, CA) using the TA cloning kit (Invitrogen, Carlsbad, CA). Plasmid 
DNA was isolated using the Plasmid miniPrep kit (Qiagen, Valencia, CA), and 
sequenced as described above. cDNA sequences were aligned using CLUSTALW in the 
MacVector Sequencing Analysis Package to the serine protease genomic sequence 
determined above and examined for polymorphisms.
5' RACE Amplification of cDNA Ends
Total RNA was isolated from P. marinus isolates P -l and La 10-1 as described 
above. Specific RNA sequences were converted to first strand cDNA (Figure 4-3) using 
the gene specific primer SERGSP1, 5'-CAC AGA GCA TAG AAG GAA TCG-3'. 
Following the protocol provided with the 5' RACE System for Rapid Amplification of 
cDNA Ends Kit, Version 2 (Life Technologies, Gaithersburg, MD), 2.5 pmoles of GSP1 
were added to 5 pg of RNA and incubated at 70°C for ten minutes to denature the RNA. 
Following addition of PCR buffer, MgCl2, dNTP’s and DTT, the mixture was briefy 
incubated at 42°C for 1 minute, 1 |il of SUPERSCRIPT™ II RT added, and incubated at 
42°C for 50 minutes. Final reaction compositions were 20 mM Tris-HCl (pH 8.4), 50 
mM KC1, 2.5 mM M gCl2, 10 mM DTT, 100 nM G SP 1 ,400 pM each of dATP, dCTP, 
dGTP, dTTP, 5 pg total RNA, and 200 units of SUPERSCRIPT™ II RT. The reaction was 
terminated by incubating the mixture at 70°C for 15 minutes. Following a brief
158
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FIGURE 4-3. Overview of the 5' RACE System.
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centrifugation, the reaction was placed at 37°C and 1 (il o f RNase mix was added and 
incubated for 30 minutes.
cDNA was then purified using the GLASSMAX DNA Isolation Kit (Life 
Technologies, Gaithersburg, MD). Briefly, Nal (6 M) was added to each sample and the 
mixture transferred to a GLASSMAX spin cartridge. The solution was centrifuged at 
13,000Xg for 20 seconds, washed four times with wash buffer (Life Technologies, 
Gaithersburg, MD), and twice with cold 70% ethanol. Following the final wash, an 
additional spin at 13000Xg was performed for 1 minute to remove any excess ethanol. 
cDNA was eluted with 50 pi of sterile H^O by incubation at 68°C for 20 seconds 
followed by centrifugation at 13,000Xg.
TdT (terminal deoxynucleotidyl transferase) tailing of purified cDNA samples 
was accomplished by first adding tailing buffer and dCTP to 10 pi of the sample, 
incubating the mixture to 94°C for 3 minutes and chilling on ice. One pi of TdT was 
added and incubated at 37°C for 10 minutes. The final composition of the reaction was 
10 mM Tris-HCl (pH 8.4), 25 mM KCI, 1.5 mM MgCL, 200 pM of dCTP, 10 pi of 
cDNA and 1 pi of TdT. TdT was inactivated by incubating the reactions at 65°C for 10 
minutes.
Specific amplifications of the tailing reaction were performed using the abridged 
anchor primer (AAP) provided by the manufacturer (Life Technologies, Gaithersburg, 
MD) and a second nested gene specific primer, SERGSP2 (5'-ACC GCC ATA CGA 
ATG TGA GG 3'), located 3' of SERGSP1. Final PCR reaction compositions were 20 
mM Tris-HCl (pH 8.4), 50 mM KCI, 1.5 mM MgCli, 400 nM of gene specific primer 
(SERGSP2), 400 nM AAP, 200 pM  each of dATP, dCTP, dGTP, dTTP, 5 pi from the
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tailing reactions, and 2.5 units of Taq DNA polymerase. PCR was performed using a 
PTC-200 Peltier Thermal Cycler (MJ Research, Watertown, MA). Conditions were as 
follows: 1 cycle at 94°C for 2 minutes followed by 35 cycles of 94°C for 1 minute, 65°C 
for 1 minute, 72°C for 1 minute 30 seconds, followed by 1 cycle at 72°C for 10 minutes 
and then maintained at 4°C until removal.
Re-amplification of a 1:100 dilution from the above PCR reaction was performed 
using a third primer, SERGSP3 (5'-GCG ATA CCA AGG CTG TTA TTA GTC-3') and 
the abridged universal amplification primer (AUAP) (Life Technologies, Gaithersburg, 
MD). Final PCR reaction compositions were 20 mM Tris-HCl (pH 8.4), 50 mM KCI, 1.5 
mM MgCL, 200 nM of gene specific primer (SERGSP2), 200 nM AUAP, 200 pM  each 
of dATP, dCTP, dGTP, dTTP, diluted PCR product, and 2.5 units of Taq DNA 
polymerase. PCR was performed using a PTC-200 Peltier Thermal Cycler (MJ Research, 
Watertown, MA). Conditions were as follows: 1 cycle at 94°C for 2 minutes followed by 
35 cycles of 94°C for 1 minute, 62°C for 1 minute, 72°C for I minute 30 seconds, 
followed by 1 cycle at 72°C for 10 minutes and then maintained at 4°C until removal.
PCR reactions were analyzed on a 1.5% agarose gel. Appropriate length 
amplification products were isolated using the Concert Rapid Gel Extraction System 
(Life Technologies, Gaithersburg, MD) and cloned into the plasmid vector pCR2.1 
(Invitrogen, Carlsbad, CA) using the TA cloning kit (Invitrogen). Plasmid DNA was 
isolated using the Plasmid miniPrep kit (Qiagen, Valencia, CA), and sequenced as 
described above. Sequences were aligned using CLUSTALW (Thompson et al., 1994) in 
the MacVector Sequencing Analysis Package to the serine protease sequence determined 
above and examined for polymorphisms.
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RNA Probe Labeling
The same clone containing the 518 bp serine protease gene fragment selected for 
DNA probe development was used for RNA probe labeling. In addition, an RNA probe 
for actin was developed from an actin clone previously isolated by Reece et al. (1997b). 
Linearization of the clones was accomplished by overnight digestion with Kpn I at 37°C. 
Following digestion, DNA was purified using phenolxhloroform, precipitated with 2.5 
volumes of 95% ethanol at -80°C for two hours and spun at 4°C, lOOOOXg for twenty 
minutes. Pelleted DNA was resuspended in DEPC treated water and quantified using the 
DynaQuant 200 (Hoefer, Pharmacia Biotech, Piscataway, NJ). To the purified template 
the following were added: 10X NTP labeling mixture, 10X transcription buffer, RNase 
inhibitor and RNA Polymerase T7 according to manufacturer’s protocol (Roche, 
Indianapolis, IN). The reaction was terminated by addition of 0.2 M EDTA and stored at 
-20°C until used.
Culture Preparation for Northern Blot Analysis
Five isolates of P. marinus (Table 4-2) representing different genotypes, 1, 3 ,4 , 8 
and 9 (according to Reece et al., in press) were cultured for use in northern blot analysis. 
Briefly, cells from each isolate were passed through a 25 gauge needle twice, washed two 
times with 1:1 DME-HAMS medium supplemented with 5% fetal bovine serum, and 
counted using a Bright-Line hemocytometer (Reichert, Buffalo, NY). Twenty-five cm2 
culture flasks (Coming, NY) were seeded with 1 X 106 P. marinus cells per ml in 6ml of 
DME-HAMS medium supplemented with 5% fetal bovine serum. Flasks were incubated
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TABLE 4-2
PERK IN SU S M A R IN U S  ISOLATES USED IN N O R T H E R N  BLOT ANALYSIS
ISOLATE* O RIG IN CO M PO SITEGENOTYPE**
MA 2-11 Nantucket Sound, MA 1
VA-2 (P -l) York River, VA 9
VA-5 (HVA 18) Lynhaven River, VA 8
SC 3-2 Crabhaul Creek, SC 3
LA 10-1 Grand Terre, LA 4
* Isolate designation according to Reece et al. (in press), (designations in parentheses are 
original researcher’s)
** Composite genotypes are based on RFLP analysis o f eight polymorphic loci (Reece et 
al., in press)
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at 27°C, in the presence o f 5%  COi. After eighteen days, cells were pelleted and total 
RNA was isolated as described above.
mRNA Isolation
mRNA was isolated from total RNA using MessageMaker mRNA Isolation 
System (Life Technologies, Gaithersburg, MD) (Simms, 1995). Total RNA 
concentrations were adjusted to 0.5 mg/ml and the NaCl concentration was adjusted to 
0.5 M. Resuspended oligo(dT) cellulose was added to the RNA and the mixture 
transferred to a syringe filter. Following removal of the liquid, oligo(dT) cellulose/RNA 
hybrid was washed first with 20 mM Tris-HCl (pH 7.5), 0.5 M NaCl and then with 20 
mM Tris-HCl (pH 7.5), 0.1 M NaCl. mRNA was eluted from the oligo(dT) cellulose 
with 65°C DEPC treated water.
Northern Blots
Equivalent amounts of total RNA (I to 10 pg) and mRNA (100 to 500 ng) were 
electorphoresed on 1% agarose formaldehyde gels in MOPS buffer. Following 
electrophoresis, gels were equilibrated in 20X SSC and RNA was transferred to a nylon 
membrane (Roche, Indianaplois, IN) overnight by capillary action (Lehrack et al., 1977; 
Goldberg, 1980) in 15X SSC at 4°C. Membranes were fixed using a UV-crosslinker 
(Stratagene, La Jolla, CA).
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Hybridization
Following a one hour prehybridization at 68°C in EasyHyb (Boehringer 
Mannheim, Indianapolis, IN), the RNA probe was hybridized overnight at 68°C to the 
membranes following manufacturer’s protocol (Boehringer Mannheim, 1995). An actin 
gene probe labeled with digoxigenin was used separately as a control housekeeping gene 
under the same conditions. Following hybridization, membranes were washed two times, 
15 minutes each time, in 2X wash solution (2X SSC; 0.1% SDS) at room temperature 
followed by two additional washes for 15 minutes each in 0.5X wash solution (0.5X SSC; 
0.1% SDS) at 68°C. Following post-hybridization washes, detection of probe was 
performed as described above for Southern blots. mRNA banding patterns for each 
isolate were compared with those present in other isolates, looking for changes in band 
intensity and for variations in mRNA species present.
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RESULTS
Amplification of a Serine Protease Gene Fragment
Multiple amplification products (Figure 4-4) were observed on 2% agarose gel 
following PCR using degenerate “universal” subtilisin serine protease primers designed 
by Blackman et al. (1998) with genomic DNA from the P-l isolate. No DNA bands were 
detected in those lanes containing PCR reactions with chymotrypsin-like serine protease 
primers (Sakanari et al., 1989). Following “shotgun” cloning and sequencing of the 
subtilisin primer (“SU” ) amplification products, BLASTX analysis of a 475 bp cloned 
fragment (518 bp with primers included) from the S E R 3 ,3.5 pg MgCl? PCR reaction, 
designated l_3sub3.5 (Figure 4-5), showed similarity to subtilisin-like serine proteases 
(Table 4-3).
A. Phage Library Screening
Several X phage plaques were identified containing phage particles with 
sequences that hybridized to the DIG labeled DNA probe developed from l_3sub3.5. 
Southern blots of restriction digests of DNA isolated from these X phage particles with 
Sal I, followed by hybridization to the l_3sub3.5 probe revealed two different size bands 
of either approximately 4 kb or 3 kb depending on the phage clone (Figure 4-6).
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FIG U RE 4-4. Two Percent Agarose Gel Electrophoresis of PCR Amplification 
Products of Perkinsus marinus Isolate, P-l, Genomic DNA Using Universal Serine 
and  Cysteine Protease Primers. Three different PCR reaction conditions, SER 1, SER 
2. and SER 3, were run for each primer set [“S” - Chymotrypsin serine protease 
(Sakanari, 1989; Elvin, 1993); “Su” - Subtilisin serine protease (Blackman et al., 1998); 
"Ca" and "Cb” - Cysteine protease primers] using two different MgCL concentrations. 
The first lane for each primer set contained PCR reactions with 3.5 mM of MgCL, and 
the second lane for each primer set contained PCR reactions with 2.0 mM MgClj. A 1 kb 
DNA ladder (Life Technologies Inc.), used as a size standard, was loaded in the outside 
lanes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
168




V V V V V V V V V W V
S Su Ca Cb S Su Ca Cb S Su Ca Cb
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
169
FIG U RE 4-5. Probe Nucleotide (Blue) and Amino Acid (Black) Sequences of
l_3sub3.5. The conserved catalytic histidine residue and the conserved catalytic serine 
residue are highlighted in red. Forward and reverse primers (Blackman et al., 1998) are 
highlighted.in green.
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H G T H C A G  I A G A Q T N N S  I G  I A >
70 80 90 100  110  120
GGTGTTGCAGACGTGAAACTCATGATCCTGAAATTCATGGGTAGTGATGGCAAAGGTCCT 
CCACAACGTCTGCACTTTGAGTACTAGGACTTTAAGTACCCATCACTACCGTTTCCAGGA 
G V A D V K L M  I  L K F M G S D G K G  ?>
130  140  1 5 0  160  170  180
CTCAGTGGCGCATTGAATGCTCTCGATTATGCAGTCGGGATGGGTGCTGCAGTGTCCTCA 
GAGTCACCGCGTAACTTACGAGAGCTAATACGTCAGCCCTACCCACGACGTCACAGGAGT 
L S G A L N ’ A L  D Y  A V G M G A A V  S S>
1 9 0  2 0 0  2 1 0  220  2 3 0  240
CATTCGTATGGCGGTAATGTGCCAAGCCGGATCTTCGAAAATGCAATCCGGAATGCTGCT 
GTAAGCATACCGCCATTACACGGTTCGGCCTAGAAGCTTTTACGTTAGGCCTTACGACGA 
H S Y G G N V P S R I  F E N A I  R N A A>
2 5 0  2 6 0  2 7 0  2 8 0  290  300
AACGCTC-GCCATATTGTGGTTGCTGCTTCTGGGAATGAAGGAATGAACCTGGACGAGACC 
TTGCGACCGGTATAACACCAACGACGAAGACCCTTACTTCCTTACTTGGACCTGCTCTGG 
M A G H I V V A A S G N E G M N L D E T >
310  320  3 3 0  340  350  360
CCAACCTATCCTTGCTCGTACTCAAGGTCGATTCCTTCTATGCTCTGCGTTGGCGCGAGT 
GGTTGGATAGGAACGAGCATGAGTTCCAGCTAAGGAAGATACGAGACGCAACCGCGCTCA 
? T Y ? C S Y S R S I ? S M L C V G A S >
37 0  380  3 9 0  4 0 0  41 0  420
TCTTCGACACCGACCTCGCCTGTATCCCTCGCCTCCTTCTCGAACATCGGTTCTGTGGTT 
AGAAGCTGTGGCTGGAGCGGACATAGGGAGCGGAGGAAGAGCTTGTAGCCAAGACACCAA 
S S T ? T S P V S L A S F S N I G S V V >
4 3 0  4 4 0  4 5 0  46 0  47 0  4 8 0
AATATTGTCGCCCCTGGCGTGAATATCCTTTCGACGTACCTCTCGGGCTCGTACGCTTTT 
TTATAACAGCGGGGACCGCACTTATAGGAAAGCTGCATGGAGAGCCCGAGCATGCGAAAA 
G V V A ? G V N I L S T Y L S G S Y A F >
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TA BLE 4-3. SELECTED BLASTX (PROTEIN) SEARCH RESULTS OF THE 
475 bp SERINE PROTEASE GENE FRAGMENT
(PRIMER SEQUENCE REMOVED)
G enB ank 
Accession Number Organism Protein
Smallest Sum 
Probability
2118107 Thermoactinomycessp. Alkaline protease 1.2e-22
224461 Thermoactinomycesvulgaris Thermitase 2.2e-19
267046 Bacillus lentus Subtilisin 2.8e-l9
166968 Bacilluslicheniforms Keratinase 2e-17
P29138 Metarhiziumanisopliae Chymoelastase 2 e -ll
4600032 Paecilomyceslilacinus Serine Protease 2e-09
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FIGURE 4-6. Southern Blot Analysis of Sal I Digested Phage DNA following 
Electrophoresis and Hybridization to the 518 bp Subtilisin-like DNA Probe. CIA, 
C2A, C2C, C3A and C3B were different phage colonies previously identified to 
hybridize to the 518 bp DNA probe. Phage DNA isolated from CIA , C2A and C2C and 
digested with Sal I, produced DNA fragments of approximately 4kb, which hybridized to 
the subtilisin-like DNA probe l_3sub3.5. Phage DNA isolated from C3A and C3B, and 
digested with Sal I, produced DNA fragments of approximately 3kb, which hybridized to 
the DNA probe.
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Subcloning and Sequencing
The 4 kb band present in phage clone C IA  (Figure 4-6) was successfully 
subcloned into KS+ Bluescript. Sequence analysis (Figure 4-1) of the inserts from two 
plasmid subclones, 15L3A and 15L2A, revealed the presence of a 1254 bp open reading 
frame containing the 518 bp probe sequence (Figure 4-7). Alignment of the probe 
sequence with 15L3A and 15L2A identified differences at thirteen of 475 probe 
nucleotide positions (probe sequence following removal of primers), showing 99.4% 
similarity among sequences. Eleven amino acid sites were involved; however, due to the 
redundancy of codon usage only four amino acids were different among translated 
sequences (Figure 4-8). Nine nucleotide changes were located at the third position, with 
only two of these differences (nucleotides at positions 1214 and 1241) resulting in a 
change in the encoded amino acid. Of the remaining nucleotide changes, three were at 
the first position and one at the second position.
Genomic Southern Blot Analysis
Southern blot analysis of Sal I and Nci I genomic DNA restriction digests of 
genomic DNA from the twelve P. marinus isolates listed in Table 4-1, followed by 
hybridization with the DIG labeled l_3sub3.5 probe, revealed differences in banding 
patterns among isolates (Figure 4-9). Isolates with a composite genotype o f I, 5 or 9 
showed two bands following digestion with Sal I and three bands following digestion 
with Nci I. Only one band was detected from both blots for the remaining isolates 
(composite genotypes 2, 3 ,4  and 8).
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FIGURE 4-7. Alignment of the Nucleotide Sequences of the Sub-Cloned CIA >. 
Phage Fragment (C1A15L23) and the Subtilisin-Like Probe. The entire nucleotide 
sequence of the C1A15L23 insert (3,583 bp) is shown with the 1254 base open reading 
frame underlined. The putative start codon is in green and the putative stop codon is 
highlighted in red. Internal sequencing primers are highlighted in blue. The three 
nucleotides representing the codon for each of the three catalytic residues (aspartic acid, 
histidine and serine) are highlighted in purple. Nucleotide differences between probe 
sequence and sub-cloned CIAI5L23 are in bold.
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10 20  30 40  50 60  7 0  80
GGTTGGCAGGGGTGCCAATAGTAATCCTCAAAAGAATCCCTCGAAAGACTCTTGAATGCAATCGATCGTTTGACGCATGC
90  1 0 0  110  1 2 0  1 3 0  14 0  1 5 0  160
ACACATTAGCTACGGATAAGGCTCTCGCGCTCGCCTTATACTGTCTATTCCGCACAGGCAGGGCCGCACAGNGGACGACN
1 7 0  180  1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0
ACAAAAAGGTAGCTGACAATGGCCGAAGTTCGGCCGCCGAACGGAGTCGATTTACATATAGCGAGCAATCGATACAATGC
2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  30 0  3 1 0  320
AGCTAACAGACTGGCCAACAGGAGTGGGCAGATCCI’CCTACCACAATATGACTATGCGTGTATAGTTGCACGCATGCGCA
3 3 0  3 4 0  3 5 0  3 6 0  3 7 0  3 8 0  3 9 0  4 0 0
CAG'rCCTGCTTGGTTCACCGGATACGTTTCACAAATTCGTCAGCACGATACTCGGTTGAAGGCTCTCTTATACTCTGTTC
4 1 0  4 2 0  4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0
TTAGTTCAGTTACCACAAAATATGATTGCTATGTTCTTGGAATCCCTATTATTCTTTTTGTATCTCCTATCCTCCGGTGA
4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  5 5 0  560
GAGCACGACGAATCACACGCTTGTTATGATATCTCATCGTGGAGTCCCTCTCGATGTTCGTCATGTACCGAAGA’I’GATGG
5 7 0  5 8 0  590  6 0 0  6 1 0  6 2 0  6 3 0  6 4 0
p r i m e r  S U B 200700
CGCAAGCGTCGCTTCCACTGATGGGAGGACACGCTTCCTCAGCGAAGGTGACAGTCGGTGTGAACGATOCCTTGCACAGG
6 5 0  6 6 0  6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0
ACGGTCTGGTCCGCGACCTGTCGGCCCTAGGAGTCCAGATTGTGGATTCGAAGTGCGAACGAGTCCCAAGCAGATGAAGG
7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  7 9 0  80 0
ATTATCTGCTGAAGGCCAAAGGCATGCTCGGCATTGAGGTGGACTGTGAGCCCGACTTTGACGTTTCAATTGCCCCTCTC
8 1 0  8 2 0  83 0  8 4 0  8 5 0  8 6 0  8 7 0  88 0
GCCGGGAGGACCACAGCTTCAGAAGGACAAGTAGCCCGTTGTACCGGCGGTAATCCTCTTCTCGGCACCAATGACCCCGG




















































C 1A 15L23 
p r o b e  s e q u e n c e
C 1A 15L23 
p r o b e  s e q u e n c e
C1A 15L23 
p r o b e  s e q u e n c e
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C 1A 15L 23 
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C 1A 15L23 
p r o b e  s e q u e n c e
C lA l 5Li23 
p r o b e  s e q u e n c e
9 7 0  9 8 0  9 9 0  1 0 0 0  1 0 1 0  1 0 2 0  1 0 3 0  1 0 4 0
c o d o n  f o r  c a t y l i t i c  s e r i n e  
GAAACGTCGTATTGGCAATCGTGGACAGCGGAGTTGATGTATCCCATCCGGATCTGATCAATCAGTTCTGGAAAAATCCA
1 0 5 0  1 0 6 0  1 0 7 0  1 0 8 0  1 0 9 0  1 1 0 0  1 1 1 0  1 1 2 0
c o d o n  f o r  c a t a l y t i c  h i s t i d i n e  
GACGATGGTTCTATCGGGTTCAACTTCCTGGATGATAATACCAACGTTACTGATGAGAACGGCCACGGCACTCACTGTGC
CACGGCACTCACTGTGC
1 1 3 0  1 1 4 0  1 1 5 0  1 1 6 0  1 1 7 0  1 1 8 0  1 1 9 0  1 2 0 0
TGGAATAGCTGGCGCTCAGACTAATAACAGCCTTGGTATCGCTGGTGTTGCAGACGTGAAACTCATGATCCTGAAATTTQ 
TGGAATAGCTGGCGCTCAGACTAATAATAGTATTGGTATCGCl’GGTGTTGCAGACGTGAAACTCATGATCCTGAAATTCA
1 2 1 0  1 2 2 0  1 2 3 0  1 2 4 0  1 2 5 0  1 2 6 0  1 2 7 0  1 2 8 0
TAGGTAGTGATAGGACAGGTCCTCTCAGTGGCGCATTGAAQGCTCTCGATTATGCAGTCGGGATGGGTGCTGCAGTGTCC
t g g g t a g t g a t g g c a a a g g t c c t c t c a g t g g c g c a t t g a a t g c t c t c g a t t a t g c a g t c g g g a t g g g t g c t g c a g t g t c c
1 2 9 0  1 3 0 0  1 3 1 0  1 3 2 0  1 3 3 0  1 3 4 0  1 3 5 0  1 3 6 0
t c a c a t t c g t a t g g c g g t a a t g t g c c a a g c c g g a t c t t c g a a a a t g c a a t c c g g a a t g c t g c t a a c g c t g g c c a t a t t g t  
t c a c a t t c g t a t g g c g g t a a t g t g c c a a g c c g g a t c t t c g a a a a t g c a a t c c g g a a t g c t g c t a a c g c t g g c c a t a t t g t
1 3 7 0  1 3 8 0  1 3 9 0  1 4 0 0  1 4 1 0  1 4 2 0  1 4 3 0  1 4 4 0
g g t t g c t g c t t c t g g g a a t g a a g g a a t g a a c c t g g a t g a g a c c c c a a c c t a t c c t t g c t c g t a c t c a a g g t c g a t t c c t t
GGTTGCTGCTTCTGGGAATGAAGGAATGAACCTGGACGAGACCCCAACCTATCCTTGCl'CGTACTCAAGGTCGATTCCTT
1 4 5 0  1 4 6 0  1 4 7 0  1 4 8 0  1 4 9 0  1 5 0 0  1 5 1 0  1 5 2 0
CTATGCTCTGTGTTGGCGCGAGTTCTTCGACACCGACCTCGCCTGTATCCCTCGCCTCCTTCTCGAACATCGGTTCTGTG 
CTATGCTCTGCGTTGGCGCGAGTTCTTCGACACCGACCTCGCCTGTATCCCTCGCCTCCTTCTCGAACATCGGTTCTGTG
1 5 3 0  1 5 4 0  1 5 5 0  1 5 6 0  1 5 7 0  1 5 8 0  1 5 9 0  1 6 0 0
c o d o n  f o r  c a t y l i t i c  s e r i n e
GTTAATATTGTCGCCCCTGGCGTGAATATCCTTTCGACGTACCTCTCGGGTTCGTACGCTTTTCTCAGTGGTACATCGAT
GTTAATATTGTCGCCCCTGGCGTGAATATCCTTTCGACGTACCTCTCGGGC'rCGTACGCTTTTCTCAGTGGTACATCGAT
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C 1A 15L23 
C 1A 15L23 
C 1A 15L23 
C 1A 15L23 
C 1A 15L23 
C lA l5 L 2 3  
C 1A 15L23
C 1A 15L23 
C 1A 15L23 
C 1A 15L23 
C 1A 15L23 
C1A1 5L.2 3
2 6 5 0  2 6 6 0  2 6 7 0  2 6 8 0  2 6 9 0  2 7 0 0  2 7 1 0  2 7 2 0
p r i m e r  SU B 1F800
GAACCGTAGTTCAATTTGAGACGCCATAATTCAGGATTGCTTATAGTCTACACCATCAATATCCAACATCATCGTGGTTC
2 7 3 0  2 7 4 0  2 7 5 0  2 7 6 0  2 7 7 0  2 7 8 0  2 7 9 0  2 8 0 0
AAGCGTTGCATCGGTTGAGTTTACTGATGTGCATGCGTGCATTTCCGAATATGTGAGTTGCAGCAACTACGAACTGAGTG
2 8 1 0  2 8 2 0  2 8 3 0  2 8 4 0  2 8 5 0  2 8 6 0  2 8 7 0  2 8 8 0
TTGTTAACAGTACGTCGTTCTGCAAGTCGGAAGCCTGAGAGTGTTGCTTATGATTCCGTCCACAGCTGTCCCTCTAGATT
2 8 9 0  2 9 0 0  2 9 1 0  2 9 2 0  2 9 3 0  2 9 4 0  2 9 5 0  2 9 6 0
GCCTGACTATCCTCTGCCGTAGTATATCTCATTCAATATGACTGAGGCTTCGCGAGAGGCTGTTTCTGCTAATAAAATTG
2 9 7 0  2 9 8 0  2 9 9 0  3 0 0 0  3 0 1 0  3 0 2 0  3 0 3 0  3 0 4 0
TTGATTATACACCTGTCCAGCGGACATCGATTACTGTGAACACAGCAGATGGCTGTGAGCTAGCGGGAATCATCTGGCTC
3 0 5 0  3 0 6 0  3 0 7 0  3 0 8 0  3 0 9 0  3 1 0 0  3 1 1 0  3 1 2 0
CGCGATCACACGCTGAGGGTAATCATCGGTGTCAAGTCCGCGTCCAAATACTCCACTTATCAGGTAGGGAGAGTGTCTTC
3 1 3 0  3 1 4 0  3 1 5 0  3 1 6 0  3 1 7 0  3 1 8 0  3 1 9 0  3 2 0 0
ATCATACTCGTGCATCCGTGGGGGAAAATGGGTGGTTCGCAAGCAAACATGGCCTCGCTAGCTAAGATGCTCTCTGAACG
3 2 1 0  3 2 2 0  3 2 3 0  3 2 4 0  3 2 5 0  3 2 6 0  3 2 7 0  3 2 8 0
GTACCGTCTTCTGCTGTGACCAGCTCTAGTTTATTGATTTCATTTTAGAGAGGGATTCAACTGTATCACTTTCGACATGC
3 2 9 0  3 3 0 0  3 3 1 0  3 3 2 0  3 3 3 0  3 3 4 0  3 3 5 0  3 3 6 0
GCGGGATTGGTCGTTCCACTGGCTCAAGCACCTTCACAGGGTCGGATGAAGTCAAGGACGTGGTGGCCATGGCCAACTAC
3 3 7 0  3 3 8 0  3 3 9 0  3 4 0 0  3 4 1 0  3 4 2 0  3 4 3 0  3 4 4 0
GTCAGAGAGAACCTTGTCCCCAAGGGTGATACCGCCCAGGTGTGATTGGTGGGAGTGTGATCCDHCACCTTNADCCTTGC
3 4 5 0  3 4 6 0  3 4 7 0  3 4 8 0  3 4 9 0  3 5 0 0  3 5 1 0  3 5 2 0
TCATCAGATTATCCTGCTCGGGTCATCTGCGGGTGCTGCAATAGCAGGCAGTGCGCGTTCGCTGGTCGACGGTATCGATA



















































FIGURE 4-8. Differences in Amino Acids between C1A15L23 and the Probe
Sequence. Differences in amino acid between the two sequences are in bold. Note that 
not all nucleotide sequence differences result in amino acid changes.
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C 1A 15L23 
p r o b e  s e q u e n c e
1 110  1120  
CACGGCACTCACTGTGC 
CACGGCACTCACTGTGC
C 1A 15L23 
p r o b e  s e q u e n c e
C1A 15L23 
p r o b e  s e q u e n c e
C 1A 15L23 
p r o b e  s e q u e n c e
C1A 15L23 
p r o b e  s e q u e n c e
C1A 15L23 
p r o b e  s e q u e n c e
C lA l5 L 2 3  
p r o b e  s e q u e n c e
C lA l5 L 2 3  
probe sequence
1 1 3 0  1 1 4 0  1 1 5 0  1 1 6 0  1 1 7 0  1 1 8 0  1 1 9 0  1 2 0 0
A s n S e r L e u  P h e
TGGAATAGCTGGCGCTCAGACTAATAACAGCCTTGGTATCGCTGGTGTTGCAGACGTGAAACTCATGATCCTGAAATTTG
t g g a a t a g c t g g c g c t c a g a c t a a t a a t a g t a t t g g t a t c g c t g g t g t t g c a g a c g t g a a a c t c a t g a t c c t g a a a t t c a
A s n S e r l l a  P h e
1 2 1 0  1 2 2 0  1 2 3 0  1 2 4 0  1 2 5 0  1 2 6 0  1 2 7 0  1 2 8 0
V a l  A rg T h r  L y»
t a g g t a g t g a t a g g a c a g g t c c t c t c a g t g g c g c a t t g a a g g c t c t c g a t t a t g c a g t c g g g a t g g g t g c t g c a g t g t c c
TGGGTAGTGATGGCAAAGGTCCTCTCAGTGGCGCATTGAATGCTCTCGATTATGCAGTCGGGATGGGTGCTGCAGTGTCC 
V a 1 G ly L y s  A sn
1 2 9 0  1 3 0 0  1 3 1 0  1 3 2 0  1 3 3 0  1 3 4 0  1 3 5 0  1 3 6 0
TCACATTCGTATGGCGGTAATGTGCCAAGCCGGATCTTCGAAAATGCAATCCGGAATGCTGCTAACGCTGGCCATATTGT 
TCACATTCGTATGGCGGTAATGTGCCAAGCCGGATCTTCGAAAATGCAATCCGGAATGCTGCTAACGCTGGCCATATTGT



































































FIGURE 4-9. Genomic Southern Blot Analysis. Southern blot analysis of 330 ng of
genomic DNA from each of the twelve isolates following separate digestions with Sal I 
and Nci I shows two variations in hybridizing band patterns. Isolates with composite 
genotypes of 2, 3 ,4 , and 8 contain only one hybridizing band whereas the remaining 
isolates show either two (Sal I digests) or three (Nci I digests) bands.
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y  and 5' RACE Results
Two different PCR products of the expected sizes, approximately 1000 bp and 
1100 bp were amplified following 3' RACE using the gene specific primers SERRTF1 
(FI) and SERRTF2 (F2), respectively, in conjunction with the primer AUAP (Figure 4- 
10). Two additional lower bands were detected from reactions using the FI primer, and 
one additional lower band was detected from the F2 primer reaction. There were no 
apparent differences in banding patterns between P-l and LA 10-1. No bands were 
detected in negative control lanes demonstrating that the amplification products were of 
cDNA origin.
cDNA from amplification reactions using the abridged anchor primer and the 
nested gene specific primer SERGSP2 were very faint (Figure 4 -11A). In addition, the 
RNA from LA 10-1 showed evidence o f DNA contamination (Lanes 7 and 8). An 
additional nested amplification of P-l cDNA from the above reaction, which used the 
third gene specific primer, SERGSP3, produced three strong cDNA bands of 
approximately 800 bp, 350 bp and 250 bp (Figure 4-1 IB) following agarose gel 
electrophoresis and staining with ethidium bromide. There was no evidence of DNA 
contamination (Figures 4 -1 IA and 4-11C). The 800 bp cDNA fragment was selected for 
cloning since it was approximately the band size predicted from the location of the 
methionine start codon and the primer SERGSP3.
Sequence analysis o f cloned 3' and 5' RACE products confirmed that the 1254 bp 
open reading frames detected in C1A15L3 and C1A15L2 contained the entire coding 
region of the serine protease gene. In addition, CLUSTALW analysis of the 3' RACE 
products revealed the presence of thirty-three polymorphic nucleotide sites in addition to
185
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FIGURE 4-10. 3' RACE Results. Lane 1. MWM; Lane 2. Blank; Lane 3. P -l, FI 
primer; Lane 4. LA 10-1, FI primer; Lane 5. Blank; Lane 6. RT Control for P -l; Lane 
7. RT Control for LA 10-1; Lane 8. PCR Control (no cDNA); Lane 9. RNA control P -l; 
Lane 10. Blank; Lane 11. P -l, F2 primer; Lane 12. LA 10-1, F2 primer; Lane 13. 
Blank; Lane 14. RT Control for P -l; Lane 15. RT Control for LA 10-1; Lane 16. PCR 
Control (no cDNA); Lane 17. RNA Contol LA 10-1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
186
FI Primer F2 Primer
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FIG U RE 4 -11 . 5 ' RACE RESULTS. (A) Amplification products following PCR of 
the tailing reaction using primer AAP and the nested gene specific primer SERGSP2. P- 
1 products are very faint (Lane 1) with no DNA contamination present in control lanes 
(no reverse transcriptase) (Lanes 2 and 3). (B) Lanes 1-7: re-amplification of P-l 
reactions from Lane 1 (A) using the nested gene specific primer SERGSP3 and AUAP; 
Lane 8: negative control. (C) Control Reactions. Lane 1. Positive control; Lane 2 and 3. 
Re-amplification of P-l control reactions from Lanes 2 and 3 (A) using the nested gene 
specific primer SERGSP3 and AUAP.
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those identified previously by sequence alignment of the probe sequence and C1A15L23 
(Figure 4-12). In total 42 codons were affected, with nineteen amino acids being changed 
(Table 4-4). O f the nineteen amino acids affected, sixteen of the rare codons appeared in 
the 3pPlF2B 1 and 3pPlF2B4 clones (designated sequence B) from the 3' RACE clones 
and three amino acid changes were detected in C1A15L23 (designated sequence A). This 
represented a 95.53% nucleotide similarity and a 94.62% amino acid similarity to the “A” 
sequence over the 894 nucleotide region analyzed by 3' RACE. One o f these amino acid 
changes occurred within the conserved region surrounding the histidine catalytic site and 
three amino acid changes occurred within the conserved oxyanion hole region (Figure 4- 
13). Differences were identified in the 5' RACE products (Figure 4-12), however, only 
two clones were sequenced, therefore whether or not these differences are PCR artifact or 
true polymorphisms could not be determined.
Northern Blot Analysis
Only one band was detected among all five isolates examined following northern 
blot analysis of total RNA or mRNA and hybridization to the l_3sub3.5 DIG labeled 
RNA probe (Figure 4-14). The band was approximately 1500-1600 bp, which was in 
agreement with the expected mRNA length based on examination of the gene structure 
from the 3'-5' RACE results. Comparison o f gene expression among isolates 
demonstrated variation among isolates when normalized to a housekeeping gene, actin. 
The order of band intensity was MA 2-11>P-1>LA 10-1>HVA 18>SC 3-2.
190
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FIGU RE 4-12. Nucleotide Sequence Alignment of the k  Phage Sub-Clone 
C1A15L23 Sequence, the DNA Subtilisin-like Probe Sequence, the cDNA 5’ RACE 
Clone Sequences and the cDNA 3’ RACE Clone Sequences. cDNA 5 ’ RACE Clones- 
5p79SER and 5p78SER; cDNA 3' RACE Clones -  3pL10F2Al, 3pL10F2A2, 
3pLlOF2A3, 3pL10F2A4, 3pP lF 2B l, 3pPlF2B4, 3pL10FlS3, 3 p P lF lS l and 
3pP lF lS2 . Nucleotides different from the “consensus” are in bold. Start and stop codons 
are in green and red, respectively. Conserved regions common to subtilisin-like serine 
proteases are highlighted in purple. Primer sequences are highlighted in blue.
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C1A 15L23 
5p7  9SER 
5o7  8SER











C 1A 15L23 
5p7  9SER 
5p7 8SER


















C 1A 15L23 
5p7 9SSR 
5p7 8SER




C 1A 15L23 
5p7  9SER 
5p7 8SER





5p7  9SER 
5p7 8SER














3 p L 1 0 F 2 A l
3pL 10F2A 2
3pL 10F2A 3
3nL 10F 2A 4
8 6 0  870  880  890  90 0











3 p L 1 0 F 2 A l
3 pL 10?2A 2
3pL10F2A 3
3pL 10F2A 4
3 p P lF 2 3 1
3 p P lF 2 3 4
3 p L 1 0 F lS 3
3 p P l F l S l








3 p ? lF 2 B l
3 p P lF 2 3 4
3O L10F1S3
3 p P l F l S l








3 p P lF 2 3 1
3 p P lF 2 B 4
3 p L 1 0 F lS 3
3 p P l F l S l








3 p P lF 2 B l
3 p ? lF 2 B 4
3d L 10F1S 3
3 p P l F l S l
3d P 1F1S2
9 1 0  920  93 0  9 4 0  950






9 6 0  970  9 8 0  99 0  1 0 0 0







































3pL lO F2A 3
3pL.10F2A4
3 p P lF 2 B l
3 p ? lF 2 3 4
3 p L 1 0 F lS 3
3 p ? l F l S l
3 p P lF lS 2
p r o b e  s e q u e n c e
1 1 1 0  1 1 2 0  1 1 3 0  1 1 4 0  1 1 5 0




















3 p P lF 2 3 1
3 p P lF 2 3 4
3D L 10F1S3
3 p P l F l S l
3 p ? l F l S 2
p r o b e  s e q u e n c e
1 1 6 0  1 1 7 0  1 1 8 0  1 1 9 0  1 2 0 0



















3 p P lF 2 B l
3 p P lF 2 B 4
3 p L 1 0 F lS 3
3 p P l F l S l
3 p P lF lS 2
p r o b e  s e q u e n c e
















3 p L 1 0 F 2 A l
3pL 10F 2A 2
3pL 10F2A 3
3pL 10F 2A 4
3 p P lF 2 3 1
3D P1F2B4
3 p L 1 0 F lS 3
3 p P l F l S l
3 p P lF lS 2








3 p P lF 2 B l
3 d P1F2B4
3 p L lO F lS 3
3 p P l F l S l
3 p P lF l S 2
p r o b e  s e q u e n c e
C 1A 15L23
5 p7  9SER
5p7 8SER




3 p P lF 2 B l
3 p P lF 2 B 4
3 p L 1 0 F lS 3
3 p P l F l S l
3 p P lF lS 2
p r o b e  s e q u e n c e
























1 3 6 0  1 3 7 0  1 3 8 0  1 3 9 0  1 4 0 0




















3 p P lF 2 B l
3 p P lF 2 3 4
3 p L 1 0 F lS 3
3 p P l F l S l
3d P 1F1S 2









3 p P lF 2 3 4
3 p L 1 0 F lS 3
3 p P l F l S l
3d P 1F1S 2









3 p ? lF 2 B 4
3 p L 1 0 F lS 3
3 p P l F l S l
3 p ? l F lS 2
p r o b e  s e q u e n c e












































3d ?1F 2B 1
3d ? 1 F 2 3 4
3 p L 1 0 F lS 3
3 p ? l F l S l
3 p ? l F l S 2








3 p P lF 2 B l
3 p ? lF 2 3 4
3 d L 10F 1S 3
3 p P l F l S l
3 p P lF lS 2




3 p L 1 0 F 2 A l
3pL 10F2A 2
3pL 10F2A 3
3pL 10F 2A 4
3d P1F2B 1
3 p P lF 2 B 4
3 p L 1 0 F lS 3
3 p P l F l S l
3 p ? l F lS 2
1 5 6 0  1 5 7 0  1 5 8 0  1 5 9 0  1 6 0 0












1 6 1 0  1 6 2 0  1 6 3 0  1 6 4 0  1 6 5 0



























3 p L 1 0 F 2 A l
3pL lO F 2A 2
3pL 10F2A 3
3pL 10F 2A 4
3 d P 1 F 2 3 1
3 p P lF 2 B 4
3d L 1 0 F 1 S 3
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3 pL 10F 2A 4
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3 p L 1 0 F lS 3
3 p P l F l S l
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3pL 10F 2A 4
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3 p P l F l S l




3 p L 1 0 F 2 A l
3pL lO F 2A 2
3pL 10F 2A 3
3 pL 10F 2A 4
3 p P lF 2 3 1
3 p ? lF 2 3 4
3 p L 1 0 F lS 3
3 p ? l F l S l
3 d P 1F 1S 2




















































3 p P lF 2 B 4
3 p L 1 0 F lS 3
3 p P l F l S l








3 p P lF 2 B l
3d P1F2B4
3d L 10F 1S 3
3d ? 1 F 1 S 1
3d P 1F1S 2
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TABLE 4-4. AMINO ACID CHANGES DUE TO POLYMORPHIC NUCLEOTIDE SITES IN THE 













1061 TTC Phe TTT Phe
1070 CTG Leu CTA Leu
1075 GAT Asp GGT Gly
1090 ACT Thr AAT Asn
1097 GAG Glu GAA Glu
1116.1117 TGT Cys GTT Val
1148* AAC Asn AAT* Asn
1151* AGC Ser AGT* Ser
1152* CTT Leu ATT* lie
1199* TTT Phe TTC* Phe
1200*. 1202* GTA Val ATG* Val
1212*. 1214* AGG Arg GGC* Gly
1216* ACA Thr AAA* Lys
1241* AAG Lys AAT* Asn
1260 GGG Gly AGG Arg
1270 GCT Ala GTG Val
1328 GCA Ala GCG Ala
1334 CGG Arg CGA Arg
1336 AAT Asn ATT lie
1356 ATT lie GTT Val
1361 GTG Val GTA Val
1382 GAA Giu GAT Asp
1388 ATG Met ATA He
1397* GAC* Asp GAT Asp
1451* TGT Cys TGC* Cys
1490 TCC Ser TCT Ser
1571* GGC* Gly GGT Gly
1646 IT  A Leu TTG Leu
1673 GAT Asp GAC Asp
1700 AGT Ser AGC Ser
1704. 1705 GAA Glu AGA Arg
1710 CCG Pro GCG Ala
1720 TTG Leu CTG Leu
1730 TTG Leu TTA Leu
1771 GGT Gly GAT Asp
1781 ACA Thr ACC Thr
1782 TCC Ser ACC T hr
1787 CCC Pro CCT Pro
1790 CCT Pro CCA Pro
1806 GCA Ala ACA Thr
1847 CTT Leu CTC Leu
1855 GTT Val GCT Ala
*Nucleotide/codon difference present in probe.
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FIGURE 4-13. Subtilisin-like Serine Protease Amino Acid Alignment of the 
Conserved Regions. Comparison of conserved catalytic regions and the oxyanion hole 
region of three serine protease amino acid sequences from the subtilisin-like family and 
two sequences from Perkinsus marinus. Numbering is according to C1A15L23 
nucleotide sequences. Amino acids in red represent the conserved catalytic residue or the 
conserved oxyanion hole residue. Amino acids in blue represent changes in the 
conserved regions present in P. marinus.
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Perkinsus subtilisin A - C1A15L23 subclones, Pmrkinaua marinus
Perkinsus subtilisin B - 3pPlF2Bl and 3pPlF2B4, 3•RACE clones Pmrkinaua marinua 
Thermitase - Thmrmoactinomycma vulgaria 
Subtilisin - Bacillua sp.
NC-p67 - Nmoapora caninum
(1) Aspartic acid (D) catalytic region
(2) Histidine (H)catalytic region
(3) Serine (S) catalytic region


















































FIGU RE 4-14. Northern Blot Analysis of Five Perkinsus m arinus Isolates. Northern 
blot analysis was performed on mRNA obtained from P. marinus isolate cells cultured in 
duplicate using the subtilisin-like serine protease l_3sub3.5 RNA probe and the RNA 
actin probe described previously. Serine 1 and Actin 1 represent the mRNA obtained 
from one set of flasks and Serine 2 and Actin 2 contain mRNA extracted from a duplicate 
set of flasks. Equivalent amounts of mRNA (500 ng) were loaded into each lane, with 
the exception of the second LA 10-1 samples (Serine 2 and Actin 2), which contained 
250 ng.
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Subtilisin-Like Gene(s) from Perkinsus marinus
This chapter reports the first description of a serine protease gene(s) from 
Perkinsus marinus. The cloned gene(s) encode a polypeptide of 416 amino acids with an 
approximate molecular weight of 47,840 D. Prediction of the final functional protein, 
however, in vivo, is difficult since many proteases are produced as zymogens and require 
further post-translational processing prior to activation. Significant post-translational 
processing was observed for two subtilisin-like proteases produced by Plasmodium  
falciparum  PfSUB-1 (Blackman et al., 1998) and PfSuB-2 (Hackett et al., 1999) and 
suspected for the subtilisin-like serine protease from Neospora caninum  (Louie and 
Conrad, 1999). In addition, glycosylation of the protein will also effect the final 
molecular weight.
Although the function and proteolytic activity of the protein or proteins coded for 
by the gene(s) have not yet been characterized, the cloned gene sequences show 
similarity to the subtilisin-like serine protease gene family (Table 4-3). The four 
conserved amino acid residues common to all subtilisin like serine proteases, the catalytic 
triad residues aspartic acid (D), histidine (H), and serine (S) and the conserved asparagine 
(N) of the oxanion hole, were present in both amino acid sequences translated from the 
different nucleotide sequences o f these regions (Figure 4-13). In addition, the catalytic
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residues occur in the order D/H/S, which is different from that found in chymotrypsin- 
Iike serine proteases (H/D/S). Interestingly, one of the amino acid sequences (Perk. Subt. 
A) contained a cysteine four amino acids from the catalytic histidine residue (Figure 4- 
13), which is in a homologous location to a histidine residue that is responsible for the 
dependence of thiol activation in the cuticle degrading protein, chymoelastase from 
Metarhizium anisopliae (Rawlings and Barrett, 1994).
In addition, further analysis of the amino acids surrounding the catalytic sites 
show that the subtilisin-like genes present in P. marinus are most similar to those in the 
subtilisin subfamily S8A. Members of this subfamily possess a serine (or threonine) 
following the conserved aspartic acid residue, a histidine three amino acids following the 
catalytic histidine residue and a methionine immediately after the catalytic serine residue 
(Barrett et al., 1998). These were all present in both P. marinus amino acid sequences at 
the catalytic sites (Figure 4-13). Although the third subfamily of subtilisins, S8C, also 
contains these conserved amino acid sequences, the P. marinus catalytic regions did not 
contain additional amino acids found only in S8C. Interestingly, to date, subfamily S8A 
has been found to contain only bacterial, archaean, fungal and plant endopeptidases 
(Barrett et al., 1998).
Perkinsus subtilisin-like gene(s). Polymorphism or More Than One Gene?
Apparent differences in these subtilisin-like sequences exist among P. marinus 
isolates of different composite genotypes. As demonstrated by genomic Southern blot 
analysis (Figure 4-9), more than one band was detected in isolates with composite 
genotypes 1, 5 and 9, whereas only one band was observed in isolates with composite
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
genotypes 2, 3 ,4  and 8. It is possible that the additional bands represent additional genes 
present in only a few of the isolates, or, simply, different Sal I or Nci I restriction enzyme 
digestion sites within the gene(s). At least some P. marinus isolates appear to be diploid 
(Reece et al., 1997a, Reece et al., in press), therefore isolates MA 1-1, LA 5-2, MA 3-9, 
SC 3-2, LA 23-7, LA 10-1 and HVA 18 appear to be homozygous (AA) due to the 
presence of only one band for both Sal I and Nci I. The presence of two different sized 
hybridizing fragments from the two types of X phage clones following restriction enzyme 
digestion and Southern blot analysis and the presence of two or three bands on the 
genomic Southern blots indicates a possible heterozygous state. The presence of three 
bands in the genomic Southerns following Nci I is complicated by the observation that 
more than two sequences appear to be present within one isolate (Figure 4-12). It is 
possible that recombination among heterozygous isolates has produced an additional 
restriction digest site. In addition, it is possible that the two bands observed in the Sal 1 
Southern blots represent two separate genes instead of two separate alleles, one of which 
is not present in the other isolates. In this case, the Nci I digest would demonstrate that 
the center band represented the gene in common among all isolates and the upper and 
lower bands represent different alleles of a second gene. The addition or lack of 
restriction enzyme site(s), however, has not been demonstrated.
Two different nucleotide and amino acid sequences were detected using the 3' 
RACE system, with 95.53% and 94.62% similarity, respectively, within the coding 
region identified for 3' RACE clones, 3pPlF2Bl and 3pP lF 2B l, in comparison to the X 
phage subclone, C1A15L23. The percent nucleotide similarity presented here is lower 
than the percent similarity among the ITS and ATAN sequences reported in Chapter 2.
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The large number of amino acid changes between the two sequences (19), including the 
possible requirement for thiol activation in the “A” amino acid sequence but not in the 
“B” amino acid sequence, support the existence of two separate genes. Only one band 
was detected by northern blot analysis (Figure 4-14), but both sequences would encode 
an mRNA of similar size. In addition, relative expression levels determined by northern 
blot analysis were highest in those isolates with more than one band present in Southern 
blot analysis (MA 2-11 and P -l), possibly indicating differences in gene expression 
among different alleles or in the gene number.
As mentioned above, it appears that recombination may also be a factor. With the 
exception of 3pP lF2B l and 3pP lF2B l, no two sequences were identical (Figure 4-12), 
and more than three different sequences were obtained from each isolate. In many cases 
the same rare nucleotides were observed from different isolates and amplification 
reactions such that the remaining sequences appear to contain different combinations of 
the rare nucleotides present at the polymorphic sites. For example, the probe sequence 
generated from the P -l isolate resembles C1A15L23, lacking the rare nucleotides G and 
T present in 3pP lF2B l and 3pPlF2B l at positions 1116 and 1117 respectively, but then 
aligns with 3pP lF2B l and 3pPlF2B l until nucleotide 1259 (with the exception of one 
questionable nucleotide at position 1217). The remainder o f the probe sequence 
resembles C1A15L23. This phenomenon may also be explained by PCR artifact 
produced by strand jum ping of the Taq polymerase among different sequences for the 
same gene.
Future work confirming the presence of polymorphic sites in the 5' end o f  the 
gene(s) and their relationship to nucleotide and amino acid differences already identified
208
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should help to further distinguish among sequence types and determine whether all 
sequences contain the same start site. Additional studies are also necessary to determine 
whether recombination is truly a factor, either among two different alleles of the same 
gene and/or among alleles of different genes.
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rCTCTGAGAAACCAGCGGTCTC ------------  TGTAAA.................AGGAGATGCCATCTCCGCTTTGTTTAGATCCCCACACCTCACCGCTT
rCTCTGAGAAACCAGCCGTCTC--------------------TTCTT-CGG-----------------AAGAGATGGGATCTCCGCT77G777AGA7CCCCACACC7GACCCC7T
rCTCTGCGAAACTAGCGGTCT--------------------TGCT TCG----------------------GCGAGA7GGGA7CCCCGC77TGTTTGGATCCCCCCACCTGACCCCCT
rCTCTGCSAAACTAGCGGTCT--------------------T G C T -- -T C G ---------------------- GCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCTGACCGCCT
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT.....................
rvTCTCAGAAACCAGCGgTCTCGCTC TC TCTTCCTC TTTTCTTAGAOAGTTCCGAGATOCGATCCCCOC'TTTG rTTOOATCCCCCCACCT----------------
rCTCTGAGAAACCAGCGCTCTCGCTCTCTCTTGCTCTTTTG T 'G A G  'G7TGCGAGATGGGA7CCCCGCTTTGTTTGGATCCCCCCACCT----------------
rCTCTGAGAAACCAGCGGTCTCGCTCT~TCTTACTC TTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT.....................
: c t c t g a g a a a c c a g c g c t c t c g c t c t c t c t t ; c t c t t t t gt t a g a g a gttg cg a ca tg gg a tcci: c u c : : : g t t t g g a t c c c c c c a c c t ...................
:  =• t c t g a g a a a c c a g c g g t c t c g c t c t c t c t t gc t c t t t tg t t a g a g a g tt g c g a g a tg g g a tc c c c g c t t t g t t t g g a  t c c c c c c a c c t --------------
rCTCTCAGAAACCAGCGCTCTCGCTCTCTCTTOCTCTTTTGTTAGAGAGTTOCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT----------------
: ctc tg a g a a a c c a g c g g t c t c g c t c t~ t c t t a c t c t t t t g tt a g a g a g t t g c g a g a t g g g a t c c c c g c t t t g t tt c g a t c c c c c c a c c t --------------
r x t c t g a g a a a c c a g c g g t c t c g c t c t c t c t t g c t c t t t t g t t a g a g a g t tg c c a g a t g c g a t c c c c g c t t t g tt t g g a t c c c c c c a c c t--------------
:CTCTGAGAAACCAGCGGTCTCGC rCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTCTTTGGATCCCCCCACCT----------------
r>TCTCAGAAACCAGCOOTCTCOCTCTCTCTTGCTCTTTTGTTAGAGAGTTOCGACATOCGATCCCCGCT T T CTTTGCA TCCCCCCACCT......................
rcTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGOGATCCCCGCTTTGTTTGGATCCCCCCACCT .............
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT----------------
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCT TGCT CTTTTCTTAGAGAGTTGCGACA TGGG ATCCCCGCTTTGTTTGGA TCCCCCCACCT.....................
rCTCTGAGAAACCACCGGTCTCGCTCTCTCTTGCTCTTTTCTTAGAGAGTTGCGAGATGGGATCCCCGCTTTCTTTGCA TCCCCCCACCT......................
rcTCTGAGAAACCAGCGCTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGA TCCCCCCACCT......................
r V TCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGA TCCCCCCACCT----------------
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTACAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGCATCCCCCCACCT...................
rTTCTGAGAAACCAGCOOTCTCCCTCTCTCTTCCTCTTTTGTTAGAGAGTTGCGAGA TGGG ATCCCCGCTTTCTTTGGA TCCCCCCACCT----------------
I*CTCTGAGAAACCAGCGGTCTCGCTCTCTCT TGCTCTTTTCTTAGAGAGTTGCGAGA TGGG ATCCCCGCTTTGTTTOOA TCCCCCCACCT-..................
rCTCTGAGA AACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGACAGTTGCGAGA TGGG ATCCCCGCTTTGTTTGCA TCCCCCCACCT..............-  -  -
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG T'GAG 'GTTGCGAGATGGG ATCCCCGCTTTGTTTGGA TCCCCCCACCT--------------
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG  T ’ GAG'GTTGCOACATGGGATCCCCCCTTTCTTTGGATCCCCCCACCT....................-
rCTCTGAGAAACCAGCGGTCTCGCTCTTCTTVCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT.....................
:  'TCTGAGAAACCAGCGGTCTCGCTCTCTCT TGCT CT T T TGTTAGAGAGTTOCGAGATGOGATCCCCGCTTTGTTTCGA TCCCCCCACCT....................-
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG T'GAG'GTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT....................-
rCTCTCAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG T'GAG'GTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT----------------
rcTCTGAGAAACCAGCGGTCTCGCTCTCTC TTGCTCTTTTG- T'GAG'C7TGCGACAT0GGATCCCCCCTTTGTTTGGA TCCCCCCACCT.....................
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'CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG T'GAG ‘GTTGC GAGA TGGG ATCCCCGCTT
'CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGCG ATCCCCGCTTTGTTTGGA TCCCCCCACCT----------
•CTCTGAGAAACCAGCGCTCTCGCTCTCTCTTGCTCTTTTG T'GAG'GTTOCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACCT----------
•c t c t g a c a a a c c a g c g g t c t c g c t c t c t c t t g c t c t t t t g t t a g a c a g t t g c g a g a t g g g a t c c c c g c t t tg t t t g g a t c c c c c c a c c t
'CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG T” GAG *GTTGCGAGATGGGATCCCCGCTTTGTTT 
‘CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG T~GAG~GTTGCGAGATG»GGATCCCCGCTTTGTTT 
VTCTGAGAAACCAOCGGTCTCGCTCTCTg TTGCTCTTTTGTTAGAGAOTTOCGAGATGGOATCCCCOCTTT
’CTCTGAGAAACCAGCGCTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATC'LCi..Gc :T T G : t T*.«CATCCCCCCACCT...................
'CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGG ATCCCCGCTTTGTTTGGATCCCCCCACCT...................
’CTCTGAGAAACCAGCGCTCTCGCTCTCTCTTGCTCTTTTG T'GAG'GTTGCGAGATGGG ATCCCCGCTTTGTTTGGA TCCCCCCACCT...................





'-TCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGA TGGG ATCCCCGCTTTGTTTGGATCCCCCCACCT................. -
•CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGA TGGGATCCCCGCTTTGTT TGGA TCCCCCCACCT...................
'CTCTGAGAAACCAGCGGTCTCOCTCT . TCVTACTCTTTTCTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCACC' 
'CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG T"GAG~GTTGCGAGATGGGATCCCCGCTTTGTTT 
'CTCTGAG A AACC AGCGGTCTCGCTCT'TCTT A CTCTTTTGTT AG AG AGTTGCGAGA TGGG ATCCCCGCTTTGTTT 
•CTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG- T~GAG~GTTGCGAGATGGGATCCCCGCTTTGTTT 
•CTCTGAGAAACCAGCGGT TCGCTCT'TCTTACTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGA TCCCCCCACCT 
*CTCTGAGAAACCAGCGGTCTCGCTCT~TCTTACTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCG< 
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTT TTG T~GAG~GTTGCGAGA TGGG ATCCCCGCTTTGTTT 
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG- T'GAG'GTTGCGAGATGGGATCCCCGCTTT 
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG- 'T'GAG'GTTGCGAGA TGGG ATCCCCCCTTT 
rCTCTGAGAAACCAGCGCTCTCGCTCTCTCTTGCTCTTTT'G T~GAG~GTTGCGAGATGGGATCGLLGC:  TTGTTT 
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTG- T~GAG~GTTGCGA3ATGGGATCCt.GG<- :TTGTTTGGATCCCCCCACCT- — 
rCTCTGAGAAACCAGCGCTCTCGCTCTCTCTTGCTCTTTTG-T'GAG-CTTGCGACATCGCATCCGLGLTTT 




rCTCTGAGAAACCAGCGGTCTCGCTCTCTTTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCLGC T :  T GTTTGGA TCCCCCCACCT.................
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGi- .  1 I G . : .GGATCCCCCCACCT-------------
:c t c tg a g a a a cc a g c g g tctc g c tc t c tc t t gc t c t t t t gtta ga g a gttg cg a g atg g g atccc '.:g u t t t g : t t gg a t c c c c c c a c c t -------------
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATC’-V .U C rTTGTTTG 
rCTCTGAGAAACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGATCCCCGCTTTGTTTGGATCCCCCCAC
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rACTAGTCTAAAGTATCCAATATCC-TTTTGGACTTTGCTATTTCAAAACGAAATTCCA-ACTCTCA 
































TACTAGTC -ATAGTATCCAAATCCAATTTTGGATTTTGCTATTTCAAA ACCAAATTCCAAACTCTCA 




















t a c t a o t c - a t a g t a t cca a a t cca a t t tt g g a t tt t g ct a t t t ca a a a cg a a a t t c ca a a c tc t ca
TACTAGTC-ATAGTATCCAAATCCAATTTT GOA TTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC•ATACTATCCAAATCCAATTTT GOATTTTGGTATTTCAAAACGAAA TTCCAAACTCTCA 
TACTAGTC -ATAGTATCCAAATCCAATTTTGOA TTTTGOTATTTCAAAACGAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOATTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOATTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC- ATAGTATCCAAATCCAATTTTGOA TTTTGOTATTTCAAAACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOATTTTGOTATTTCAAAACGAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOA TTTTGGTATTTCAAAACGAAA TTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOATTTTGOTATTTCAAAACGAAA 7TCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTT GOA TTTTGGTATTTCAAAACGAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGATTTTGOTATTTCAAAACGAAA TTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTT GO A TTTTGGTATTTCAAAACGAAATT CCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOA TTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGATTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGATTTTGGTATTTCAAAACGAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTT GOA TTTTGGTATTTCAAAACG AAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOA TTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGOTATTTCAAAACGAAA TTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOATTTTGOTA TTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOATTTTGOTATTTCAAA ACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTT GOA TTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOA TTTTGOTATTTCAAAACGAAA TTCCAAACTCTCA 
'ACTAGTC-ATAGTATCCAAATCCAATTTTGOA TTTTGGTATTTCAAAACGAAA TTCCAAACTCTCA 
ACTAGTC-ATAGTATCCAAATCCXATTTTGGA TTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGCTA TTTCAAA ACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGATTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGOATTTTGOTATTTCAAA ACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA 
TACTAGTC-ATAGTATCCaAATCCAATTTTGGATTTTGOTA TTTCAAA ACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGGTATTTCAAAACGAAA TTCCA AACTCTCA 
ACTAGTC-ATAGTATCCAAATCCAATTTTGCATTTTGOTATTTCAAAACGAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGATTTTGOTATTTCAAAACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGGTATTTCAAAACGAAA TTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAA TTTTGCA TTTTGOTATTTCAAAACGA AATT CCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTT GOA TTTTGCTATTTCAAAACGAAATTCCA AACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGATTTTGCTATTTCAAAACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGA TTTTGCTA TTTCAAA ACCAAATTCCAAACTCTCA 
TACTAGTC-ATAGTATCCAAATCCAATTTTGGATTTTGOTATTTCAAAACGAAA TTCCA AACTCTCA
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i Z C  4 i :  “ 2 :  4 3 :  4-5G 4 5 :  4 4 :
A77CCG7G77CC7CGA7CACGCGA77CA7CGC77CAACGCA77A7G7CAAA777- -  -G A 7--A  
A77CCG7G77CC77GA7CACG7GA77CA7CGC77CAACGCA77A7G7CAA-7C--77GA7GAA 
A7CACG7G77CC77GA7CACGCGA7TC77C7C77CAACGCA77A7G7CAA77C--77GA7GAA 









'A7CACG7G77CC77GA7CACGCGA77C77C7C77CAACGCA7TACG7CAAA7C7A 77GA7 - AA 


























■A7CACG7G77CC77GA7CACCCGA77C77C7C77CAACGCA7TACG7GAAA7C7A 77GA7- AA 












•A7CACG7G77CC77CA7CACGCGA77,:7 7 C7C77CAACGCA77ACG~CAAA7C7A77GA7-AA 
•A7CACG7G77CC77GA7CACGCGA77C77C7C77CAACGCA77ACC77AAA7C7A77GA7-AA 
,A7CACG7G77CC77GA7CACGCGA77C7TC7C77CAACGCA7TACGTCAAA7C7A77GA7-AA 








,A7CACG7G77CC77GA7CACGCGA77C77C7C77CAACGCA77ACG7CAAA7C7A77GA7 - AA 
•A7CACG7C77CC77GA7CACGCGA77C77C7C77CAACGCA77ACG7CAAA7C7A 77GA7 - AA 
,A7CACG7G77,:C 77 GATCACGCGA77C7 7 C7C77CAACGCA?TACG7CAAA7C7A77GA7-AA 
>A7GACG7C77'CC77GA7CACGCGA7TI.  7 TC ? -  :7CAACGCA77ACG7,CA AA7C7A 77GA 7-AA 
,A7CACG7C77r:C77GA7CACGCGA77777C7C77CAACGCA77ACG7r:AAA7C7A77GA7-AA 









‘A77ACG7GT:CC:T GA7GACGCGA77Lr : . ? . : : ’- AACGCA77ACG7CAAA7C7A7TGA7-AA 
‘A7CACC7G77’: C77GA7CACGCGA77‘C77C7C77CAACGCA77ACG7CAAA7C7A7TCA7 -AA 
,A7CACG7G77,:G 7 7 VA7CACGCGA77,L77 ,: T,LT7CAACGCA77ACG7CAAA7C7A77GA7-AA 
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?ar.dr«ws: A7GCAGA- -AG7TG777A7GAA.. ACGCGA 7CGC 7T7GG7C7CA GAA TCG 7 -- CTATAGCACGCTTGTCGGTTTGCAACC-TGGCAA ATGTCATCATT
A7GCAGAGAAG7TG7T7ATGACTCTCGCGGTCGCTT:GG7CTCAGAA7CC7- - --7 CTATAACACGCTTGTCGGT7TGCACCATTGGCAATATGTCATCATT
Pc L 3 » r. L ATGCACA- --CAAG7G77TGGATCACGCG7CCAGTCTGG7CGCGAGA7AGC7 TAT 7CA7AGCACGCTTG7CGG77TGCACCA-7GGCAAATTGTCA7CA77
icua A7GCA0A- - -GAAGTC7TTGGA7CACCCG77CAG7C7GG7CGCGAGA7AGCT TAT TCATAGCACGCTTGTCGCTTTGCACCA-TGGCAAATTCTCATCATT
ATGCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA7TA77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAATATGTCATCA. .
A?'.5:55:?=«r A7GCACA- - -GAAG7GTTTGAA7CACGCG77CAG7CTGG7CGCGAGA77A7T TAT 7CA7AACACGC77G7CGG77TCCACCA-7GGCAA* A7G7CA7CA77
A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA" ATGTCATCATT
A?;‘ :9 ^ ? rsa r A7GCACA- - -GAAG7G777GAA7CACGCGT7CAG7CGG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA' ATGTCATCATT
A?l':Si!'p.-3ar ATGCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAG;77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA* ATGTCATCATT
A?:e.:5a*:?^ar ATCCAGA- --GAAG7G777CAA7CACCCG77CAG7C7GG7CGCGAGA77A77 TAT 7CA7AACACGCT7G7CGG77 GCACCA-TGGCAA* ATGTCATCATT
A ? 15 ! 5 ^  5 ?rsa r A7GCAGA- --GAAG7G77TGAA7CACGCG77CAG7C7GG7CGCGAGA77A7T TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA* ATGTCATCATT
A?:4SR’ 4pK«r A7GCAGA-- - GAAG7G777GAATCACGCG77CAG7C7GG7CGCGAG' 77A 77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA* ATGTCATCATT
A ?::* ::::p^ar A7GCAGA- --GAAG7G777GAA7C ACGCG 77CAG7C'GG7CGCGAGA77A77 ATGTCATCATT
SC3_:_4 A7GCAGA- - -GAAG7G7T7GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT ATGTCATCATT
3C3_:_*3 A7GCAGA---GAAG7G777CAA7CACGCG77CAG7C7GG7CGCGAGA77A77 ATGTCATCATT
SC3 : *3 A7GCAGA- - -GAAG7G777GAA7CACGCG77CAC7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA* ATGTCATCATT
SC3 : *3 A7GCAGA-- -GAAG7G7T7GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA ATGTCATCATT
sc3 ; * A7CCAGA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
sc3_:_43 A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 ATGTCATCATT
sc3 .:_4 A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GC7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA* ATGTCATCATT
; c : . ; _ : 3 ATGCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA* ATGTCATCATT
s c 3 .:_ : A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA* ATGTCATCATT
sc;_4_9 A7GCAGA---GAAG7G777GA A7CACGCG77CAG7C GG7CGCGAGA77A77 ATGTCATCATT
s c ; . 4 .* ATCCAGA---GAAG7C777GAA7CACGCG77CAG7CGG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
SCC_4_': A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GC7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
sc;_4_? A7GCAGA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAG 77A77 ATGTCATCATT
sc;_4_4 A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C GG7CGCGAGA77A77 TAT 7CA7AACACGCTTC7CGC7T GCACCA - TGGCAA* ATGTCATCATT
;c ;_ ;_3 ATGCAGA- --GAAG7C7TTCAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
sc;_4_; A7GCAGA---GAAG7G777CAA7CACGCG77CAG7C7GG7CGCGAG 77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
A7GCAGA- - - G A A > I'l'GAATCACGCGTTCAGTCTGCTCGCGAGATTATT TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
?:_4 r. A7GCACA---GAAG7C7T7GAA7CACGCG7TCAG7C GG7CGCGAGA77A77 TAT 7CA7AACACGCT7G7CGG7T GCACCA - TGGCAA ATGTCATCATT
A7GCAGA- --GAAG7G777GAA7CACGCG7TCAG7C GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA-TGGCAA ATGTCATCATT
A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA- TGGCAA ATGTCATCATT
ATOCACA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA* ATGTCATCATT
? : _ : r A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C70G7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
s j 3 : * ATOCAGA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C GG7CCCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGCCAA ATGTCATCATT
;~4 A7GCAGA- - -GAAG7G77TGAA7CACGCG77CAG7C7CC7CGCGAG 77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGCCAA ATGTCATCATT
t^*3_:_;it A7GCAGA- - -GAAG7G7T7CAA7CACGCG7TCAG7CTGGTCGCGAGAT7A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA ATGTCATCATT
N w '3 _ ;_ 3 A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
NC3 ATCCAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 ATGTCATCATT
HA 3 9 *3 A7GCAGA---0AAG7C77TGAA7CACGCG7TCAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
HA3 9 4 A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT ATGTCATCATT
HA3 9 '3 A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
XA3.9_-;S A7GCAGA- ATGTCATCATT
HA3 9 ;3 A7GCACA- ATGTCATCATT
HA3 9 A70CAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GG7CUCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA ATGTCATCATT
HA3.9_;i A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
HA3 9 ^ :; A7GCAGA-- -GAAG7C7T7GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
ha;_ : ATGCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA ATGTCATCATT
ha; _ i i _3 r A7GCAGA- ATGTCATCATT
ha;  : :  3: A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
ha; . : : . . : : A7GCAGA-- -GAA G7G7T7GA ATC ACGCG 77CAG7C7GG7CGCGAGA77A 77 ATGTCATCATT
ha; A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C- GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA- TGGCAA ATGTCATCATT
ha;  : :  ;x ATGCAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
ha; . : : . : * ATGCAGA- - -GAAG7G77TGAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA - TGGCAA
h a: : i r - A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA-TGGCAA “ATGTCATCATT
HA:_:_s.r A7GCAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA
ha: .:_ 4 ^ A7GCAGA*- -CAAGTGTTTGAATCACGCGTTCAGTC GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA-TGGCAA ATGTCATCATT
ha:_ : .14 A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
ha: ; ;3 A7GCAGA- - - CAAGTGT7TGA A7CACGCG77CAG7C GG7CGCGAGA77A77
ha: : : ; A7CCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GC7CGCGAG- 77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
ha: : ? A7GCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GC7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA “ATGTCATCATT
laa_ : : . ‘ A7CCAGA- - -GAAG7G777CAA7CACGCG77CAG7C7GC7CGCGAGA. .  A . . TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA•ATGTCATCATT
la* : :  4 A7GCAGA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAG 77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA“ATGTCATCATT
laa : :  33 A7GCAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GC7C0CGAGA7TA77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA“ATGTCATCATT
l>a_ ::  3 A7GCAGA---GAAG7G7T7GAA7CACGCG77CAG7C7GG7CGCCAGA77A77 “ATGTCATCATT
laa_ ::_ :3 A7GCAGA- “ATGTCATCATT
la« _ ::_ :3 A7GCAGA-- -GAAG7G777GAA7CACCCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA - TGGCAA
la« _ ::_ : A7GCAGA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAG-77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA- TGGCAA“ATGTCATCATT
la*.;_*:»: ATGCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
la'  ;  * * A7GCAGA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA “ATGTCATCATT
LA* ; 4 A7GCAGA---GAAG7G77TGAA7CACGCGT7CAG7CTGGTCGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA“ATGTCATCATT
LA5.;_31 ATGCAGA- - -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA. .A. . TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA ATGTCATCATT
la* : 3: A7GCACA-- - GAAG7G7TTGAATCACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGCCAA “ATGTCATCATT
LA‘ _:_3 A7GCAGA- --GAAG7G777GAA7CACGCG7TCAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA “ATGTCATCATT
la; j_" ? ATGCAGA- - -GAAG7G777GAA7CACCCG77CAG7C7GG7CGCGAG- 77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA “ATGTCATCATT
la; 3 '  « A7GCAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA-TGGCAA “ATGTCATCATT
- a;3 _ “_3 A7GCACA- --GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAG-77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA ATGTCATCATT
la; 3 _*_; A7GCAGA- --GAAG7G777GAA7CACGCG77CAG7CGG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT GCACCA-TGGCAA “ATGTCATCATT
la. A7GCAGA-—GAAGTGTTTGAATCACGCGTTCAGTCTGGTCGCGAG- 77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA“ATGTCATCATT
la: :_ :_ 4 k ATCCAGA- - -GAAG7GTTTCAA7CACGCG77CAG7C7GG7CGCGAG- 77A . . TAT TCATAACACGCTTGTCGGTTTGCACCA - TGGCAA“ATGTCATCATT
la: :  : : : A7GCAGA-
v A A ti • 4<rfAA • w ACva.u  • t ’^ A v  . lA i  • •u V w A u A  » • A • »
--GAAG7G77TGAA7CACGCG77CAG7CGG7CGCGACA77A77 TAT
• '—A • AALAwWv. • 4 4  4 W wAj • « ‘J**. A VftA tV A ftA A
TCATAACACGCTTGTCGG.. GCACCA-TGGCAA ATGTCATCATT
la: :_ :_ : A7GCAGA---GAAG7GT77CAA7CACGCG77CAG7C GG7CGCGAGA77A77 ATGTCATCATT
la: : _ :_ ; A7GCAGA*
• • 'i A A u  tw  t 4 4V4A A 4WALVt»!j 4 4 VAkf «%4 (j*i 4 i # A  » »
- -GAAG7G777GAATCACGCGTTCAGTC" GG7CGCGAGA77A77 TAT
ftVA • AAWAuwNfti • 4 . ’j4 -A v.U A - . j*/. AA
“ATGTCATCATT
LA::_:_:.r A7GCACA- --GAAG7G7T7GAA7CACGCG77CAG7CGG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTT' GCACCA-TGGCAA “ATGTCATCATT
kva: b 5 A7GCAGA---GAAG7G777GAA7CACGCG77CAG7C7GC7CGCGAG-77A77 TAT TCATAACACGCTTGTCGG.. .GCACCA-TGGCAA “ATGTCATCATT
hva:a * A7GCACA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAG-77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA ATGTCATCATT
hya:* ~ ATGCAGA- - -GAAG7GT77GAA7CACGCG77CAG7C7GG7CGCGAG 77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA“ATGTCATCATT
hva:« ? A7GCAGA---GAAG7G77TGAA7CACGCG77CAC7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA “ATGTCATCATT
kva: a_5 A7GCAGA---GAAG7G777GAA7CACGCG77CAG7CTGG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA “ATGTCATCATT
:-t *a:.9_4 ATGCAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA“ATGTCATCATT
hva: s - A7GCAGA-- -GAAG7G7770AA7CACOCG77CAG7C7GG7CGCGAGA. .A. . TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA ATGTCATCATT
hva: a ; A7GCAGA---GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA-TGGCAA “ATGTCATCATT
svah : A7GCAGA-- -GAAG7G777GAA7CACGCG77CAG7C7GG7CGCGAGA77A77 TAT TCATAACACGCTTGTCGGTTTGCACCA -TGGCAA “ATGTCATCATT
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TATGTGATG TTGTCAGGGTTGCCCAGCCAGGCTATTCTCGGCCTAAGGCTGGGTCGGTAGCAGATGGGAAGTCGGCAGCACCCA GGCGCC 
TATGTGATGTTGTCAGGGTTGGCCAGCCGGGCTATTCTCGCCCTAAGGCTGGGTCGGTAGCAGATGGGAAGTCGGCAGCACCCAAGGCGCC 
TATGTGATGTTGTCAGGGTTGGCCAGCCAGGCTATTCTCGGCCTAAGGCTGGGTCGGTAGCAGATGGGAAGTCGGCAGCACCgAAGGCGCC 
TATGTGATG TTG TCAGGGTTGGCCAGCCGGGCTATTCTCGGCCTAAGGCTGGCTCGGTAGCAGATGGGAAGTCGGCAGCACCCAA GGCGCC 
TATG TGA TG TTG TCAGGGTTGGCCAGCCAGGCTATTC TCGG CCTAAGGCTGGGTCGGTAGCAGATOGGAAGTCGGCAGCACCCA GGCGCC 
TATGTGATGTTGTCAGGGTTGGCCAGCCGGGCTATTCTCGGCCTAAGGCTGGGTCGGTAGCAGATGGGAAGTCGGCAGCACCCAAGGCGCC 




























TATGTGATGTTCTCAGOOTTGGCCAGCCGGGCTATTCTC GO CCTAAGGCTGOGTCGGTAGCAGATGGGAAGTCGGCAGCACCCAAOOCGCC 








TATG TGATG TTG TCAGGGTTGGCCAGCCGG GCTATTC TCGOCCTAA GO CTGOGTCGGTAGCAOATGOOAAOTCOCCAGCACCCAA GGCGCC 
TATGTGATG TTG TCAOOOTTGGCCAGCC GO GCTATTC TC CO CCTAACGCTGOOTCGOTAGCAOATGOOAAGTCGGCAGCACCCAA GGCGCC 
TA TO TGATGTTGTCAGGCTTGGCCAGCCGGGCTATTCTCGGCCTAAGGCTGGGTCGGTAGCAGA TOGO AAGTCGOCAGCACCCAA GGCGCC 
TATGTGATGTTGTCAGGGTTGGCCAGCCCGGCTATTCTCGOCCTAA GO CTGOGTCGOTAGCAOATGOGAAGTCGGCAGCACCCAAOOCGCC 
TATGTGATG TTG TCAGOGTTGOCCAGCCCO GCTATTC TCGOCCTAA GO CTGOGTCOOTAGCACA TOGO AAGTCG‘OCAGCACCCAA GGCGCC 
TATG TGA TO TTGTCAGOGTTGOCCAGCCGOGCTATTCTCGOCCTAACOCTGGOTCGGTAGCAGATGOGAAGTCGOCAGCACCCAA GGCGCC 
TATG TGATGTTGTCAGGGTTGOCCAGCCGOGCTATTCTCCOCCTAAGGCTGGGTCGGTAGCAGA TOGO AAGTCG GCAGCACCCAAOOCGCC 
TATGTGATGTTGTCAGGGTTGOCCACCCGCGCTATTCTCGOCCTAAGOCTGGOTCGOTAGCAGATGGOAAGTCGGCAGCACCCAAGOCGCC 
TATG TGA TGTTGTCAGGGTTGGCCAGCCGC0CTA7TCTCGCCCTAAGGCTGG0TCGGTAGCAGA TGOGAAGTCG GCAGCACCCAAOOCGCC 
TATG TGA TO TTGTCAOOGTTGOCCAGCCOG GCTATTC TC GO CCTAAGOCTGGGTCCGTAGCAGA TGGG AAGTCG GCAGCACCCAA GGCGCC 
TATG TGA TO TTGTCAGGGTTCGCCAGCCOGGCTATTCTCCCCCTAAGCCTCGGTCCGTAGCAGATGOGAAGTCG GCAGCACCCAAOOCGCC 
TATGTGATG TTG TCAGGCTTGO CCAGCCGGOCT ATTCTC GO CCTAAGOCTGOGTCGGTAGCAO A TGGG AAGTCG GCAGCACCCAAGGCOCC 
TATGTOATGTTGTCAGOGTTGGCCAGCCGGGCTATTCTCGOCCTAA GO CTGGGTCOGTAGCAGA TGOGAAGTCGGCAGCACCCAAOOCGCC 
TATGTGATGTTGTCAGGGTTGGCCAGCCGCGCTATTCTCGOCCTAAOG CTGOGTCGOTAGCAOATGOGAAGTCGGCAOCACCCAAGOCCCC 
TATGTGATG TTGTCAGGOTTGGCCAGCCCCGCTATTCTCGOCCTAAGGCTGOGTCGOTAGCAGATGGGAAGTCGGCAGCACCCAA GGCGCC 
TATGTGATG TTGTCAGOGTTGGCCAGCCGGGCTATTCTCGCCCTAAGGCTGGGTCGGTAGCAGATGCGAAGTCG GCAGCACCCAA GGCGCC 
TATGTGATG TTG TCAGOGTTGGCCAGCC GO GCTATTC TCGOCCTAA GO CTGGGTCCOTAOCAGATGGGAACTCG GCAGCACCCAAOOCGCC 
TATGTCATGTTGTCAOGGTTGGCCAGCCGO GCTATTC TCGG CCTAAGOCTGGGTCCGTAGCAGA TGOGAAGTCG GCAGCACCCAA GGCGCC 
TATGTGATGTTGTCAGGGTTGOCCAGCCGGOCTATTCTCOOCCTAAOGCTGGOTCGOTAGCAGA TGGGAAGTCOGCAGCACCCAAGGCGCC 
TATG TGA TGTTGTCAGGGTTGGCCAGCCGGGCTATTC TCGG CCTAAGGCTGCGTCGGTAGCAGATGGGAAGTCGGCAGCACCCAA GGCGCC 
'ATC TGA TGTTGTCAGGGTTGGCCAGCCGGGCTATTCTCGGCCTAAGGCTGOGTCGGTAGCAGA TGOGAAGTCG GCAGCACCCAA GGCGCC 
TATGTGATGTTGTCAOGGTTGGCCAGCCOOGCTATTCTCGOCCTAA GO CTGOGTCGOTAGCAOATGGGAAGTCGGCAGCACCCAAOOCGCC 
TATGTGATG TTG TCAGOGTTGGCCAGCCGG GCTATTC TC GO CCTAAGGCTGOOTCGGTAGCAGATGOOAAGTCGGCAGCACCCAA GGCGCC 
TATG TGA TGTTGTCAGGGTTGGCCAGCCGGGCTATTC TCGG CCTAAGGCTGGGTCGGTAGCAGATGGGAAGTCG GCAGCACCCAA GGCGCC 
TATG TGA TGTTGTCAGGGTTGGCCAGCCGGGCTATTC TCGG CCTAAGGCTGGGTCGGTAGCAGATGGGAAGTCG GCAGCACCCAA GGCGCC 
TATG TGA TGTTGTCAGGGTTGGCCAGCCGGGCTATTC TCGG CCTAAGGCTGGGTCGGTAGCAGATGGGAAGTCGGCAOCACCCAA GGCGCC
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•AAGGCTG TTG AC'TTATTGGACCTGTTCGGATCACCCACTGCAGAGGAG'TCTCA TCG AGAGTCTGCTGAGGGTAGGTCGCCACTTCTAG TCCT GG 
: AGGCTGTTGACTTATTGGAC'TGTTCGGATCACCTACTGCAGAGGAGTCTCATCGAG_GTCT-CTGAGGGTAGGTGGCCACTTCTAGT- C*GG 
•AAGGCTGTTGACTTATTGGACCTGTTCGCATCACCTACTGCAGAGGAGTCCCATCGAGAGTCTGCTGAGGGTAGGTGGCCACTTCTACTCCTGG 




r AGGCTGTTGACTTATTGGAC'TGTTCGGATCACCTACTGCAGAGGAGTCTCATCGAG "GTCT VCTGAGGGTAGGTGGCCACTTCTACT-C/GG 
'AAGCCTGTCGACCTATTGCACCTCCTCGGATCACCTACTGCAGAGGAGTCTCATCOAGAGTCTGCTGAGGGTAGGTGGCCACTTCTACTCCTGG
ACCC7GTTGAC7TA7TCCAC"7G7TCGOA7CACCTAC7GCAGAGGAC7C7CATCGAG‘ G?C7ACTCAGGG7AGG7GCCCAC77C7AG7''C.’.GG
ta ag g ctg ttga c tta ttg ga c ctg ttc gg a tca cc tac tgc ag a g g ag tctc atc ga g a gtc tg c tg a g g gta g g tg g cc ac ttcta gtc ctg g
TAACGC7G77GAC77A77GGACC7G77CGGA7CACC7AC7GCAGAGGAGTC7CA7CGAGAG7C7GC7CAGGG7AGC7GGCCAC7TC7A07CC7GC
'a a c g c t g ttg a ctta ttg c a c ctcttc g g a tca cc ta c tg c a g a g g a g tctca tcg a g a g tc tg c tg a g g g ta g g tc g c ca cttcta g tcctc g
ta ag g ctg ttg a c tta ttg g a c ctg ttc g c a tc a ccta ctg ca g a g g a g tctca tcg a g a g tctg ctg a g g g ta g g tg g cca cttcta ctc ctg g
•a a gg ctg ttca ctta ttg g a cc tg ttcg ca tca c cta ctg ca g a g g a g tc tc a tc g a g a g tctg ctg a g g g ta g g tg g c ca cttcta g tc ctg g
•a a gg ctg ttg a c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g 't ct g ctg a gg g ta gg tcg c ca cttcta ctcc tgg
ta ag g ctg ttg a c tta ttg g a c ctcttcg g a tc a ccta ctg ca g a g g a g tctca tcg a g a g tctg ctg a g g g ta g g tg g cca cttcta ctc ctg g
ta a g g ctg ttg a c tta ttg ca cctc ttc g ca tca ccta ctg ca g a g g a g tctca tcg a g a g tctg ctg a g g g ta g g tg g cca c ttc ta g tcc tg g
?AAGGC7G77GAC77A?7GGAC'"?G77CGGATCACC7AC7GCAGACGAGTCTCATCGAG'C7C7''C7GACGG7AGGTCGCCACTTCTAGT'*C-*GG 











T AGCC7G7TGACT7A77GGACCTC7CCGCA7CACC7AC7CCAGAGCACTC7CA?CGAC"G'7C7 v ct g a cg ota g g tgg cc a cttcta gt : C/-GO 
T AGGCTGTTGACTTATTGGAC~TGTTCGGATCACCTACTGCAGAGGAGTCTCATCGAG~GTCT>CTGAGGCTAGGTGGCCACTTCTAGT'C’GG 
ta ag g ctg ttga c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g g tg g cc a c ttcta g tc ctg g  






ta ag g ctg ttg a c tta ttg ca cctg ttcg ca tca cc ta c tg c a g a g ca g tctca tcg a g a g tctg ctg a g g g ta g g tg g cca c ttc ta g tcc tg g
TAAGGCTGTTGACTTATTCGACCTGTTCGGATCACCTACTGCAGAGGAGTCTCATCGACAGTCTGCTGAGGGTAGGTGGCCACTTCTAGTCCTGC
TAAGGCTGTTGACTTATTGCACCTGTTCGGATCACCTACTGCAGAGGAGTCTCATCGAGAGTCTGCTGA'CGGTAGGTGGCCACTTCTAGTCCTGG
ta ag g ctg ttga c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tg a g g cta g g tg g cca cttcta g tcctg g
TAAGGCTGTTGACTTATTGCACCTGTTCGCATCACCTACTGCAGAGGAGTCTCATCGAGAGTCTGCTGAGGCTAGGTGGCCACTTCTACTCCTGG
t a a g g ctg ttg a c tta ttg g a c ctg ttc g c a tc a ccta ctg ca g a g g a g tctca tcg a g a g tctg ctg a ccg ta g g tg g cca c ttc ta g ttctg g
'AAGGCTGTTGACTTATTGGACCTGTTCGCATCACCTACTGCAGAGGAGTCTCATCGAGAGTCTGCTGAGGGTAGGTGGCCACTTCTAGTCCTGC
•a a gg ctg ttg a c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g ctg g cca c ttc ta g tcc tg g
TAAGGCTGTTGACTTATTGCACCTCTTCGGATCACCTACTGCAGAGGAGTCTCATCGAGAGTCTGCTGAGGGTAGGTGGCCACTTCTAGTCCTGG
ta ag g ctg ttg a c tta ttg g a c ctcttcg ca tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g g tg g cc a cttcta g tc ctg g
ta ag g ctg ttga ctta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g g tg g cc a c ttcta g tc ctg g
ta ag g ctg ttg a c tta ttg ca cctc ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g g tg g cc a cttcta g tc ctg g
■aaggctg t t ga c t t a t tg g a c c tg t t cgg a tca ccta ctg ca g a g g a g tctca tcg a g a g tctg ctg agggtaggtggccact t c t a c t c c t g g
TAAGGCTGTTGACTTATTGGACCTGTTCGGATCACCTACTGCAGAGGAGTCTCATCGAGAGTCTGCTGAGGGTAGGTGGCCACTTCTAGTCCTGG
ta a g g ctg ttca ctta ttg g a cctg ttcg g a tc a ccta ctcc a g a g g a g tctc a tc g a g a ctctg ctg a g g g ta g g tg g cca c ttc ta g tcc tg g
ta ag g ctg ttg a c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tc a g g g ta g g tg g cca cttcta g tcctg g
t a a g g ctg ttg a c tta ttg ca cctg ttcc g a tca cc ta c tg c a ca g g a g tctca tcg a g a g tctg ctg a g g g ta g g tg g cca c ttc ta g tcc tg g
t a a g g ctg ttg a c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g ca g tctca tcg a g a g tctg ctca g g cta g g tg g cca c ttc ta g tcc tg g
ta a g g ctg tto a c tta ttg g a c ctg ttc g c a tc a ccta ctcc a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g g tg g cc a cttcta g tc ctg g
ta ag g ctg ttga c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g g tg g cc a c ttcta g tc ctg g
ta a g g ctg ttg a c tta ttg g a c ctg ttc g g a tca cc ta c tcca g a g g a g tctca tcg a g a g tctg ctca g g g ta g g tg g cc a cttcta g tc ctg g
ta a g g ctg ttg a c tta ttg g a c ctcttcg g a tc a ccta ctcc a g a g g a g tctc a tc g a g a g tc tg c tg a g g g ta g g tg g cc a cttcta g tc ctg g
ta ag g ctg ttg a c tta ttg g a c ctg ttc g g a tca cc ta c tg c a g a g g a g tctc a tc g a ca g tctg ctg a g g g ta g g tg g cca cttcta g tcctg g
taaggc tg ttg a c t t a t tg g a cc tc t t c gg a tc a ccta ctg ca g a cg ag tctc atc ga g a g tc tgc tga g g g ta g g tgg c ca ct t c t a g tc c t g g
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3 < :  3 5 :  3 « :  3 ' :
S C 3 _ :_ A 5  CGAOTTGCACTCGAGTTTTCCTTCAGCAGAGGCTGTGCCAA TGCCC
5 C 3 _ : _A« LCAGTTGGACTCGAGTTTTCCTTCAGCACAGGCTGTGGCAATGCCC
5 C 3 _ ; . A ’ C rCACTTGGACTCGAGTTTTCCTTCAGCAGAGCCTOTGCCAATGCCC
SC3 : _ A '  CCACTTGGACTCCAGTTTTCC TTCAGCACAGGCTGTGGCAATGCCC
5 C 3 . :_ A 5  CGAGTTGCACTCGAGTTTTCCTTCAGCACAGGCTGTCGCAATGCCC
SC CG AC TTGOACTCGAGTTTTCCTTCAGCAGAGGCTC TGCCAA TGCCC
: c :  :  a : s c g a c t t c c a c t c g a c t t t t c c t t c a g c a g a g g c t g t g c c a a t g c c c
J C 3 _ : .A 1 5  : c a g t t c c a c t c g a c ? t t t c c t t c a g c a g a g g c t c t g g c a a t g c c c
l c : _ 4 _ a 3 l g a c t t c g a c t c g a g t t t t c t t t c a g c a o a g g c t c t g g c a a  t g c c c
SCI 4 A“ TGAGTTGCACTCGACTTTTCCTTCAGCAGAGGCTCTGGCAATGCCC
~ .c : _ i_ x i r .  ? g a g t t g g a c t c g a g t t t t c c t t c a g c a c a g c c t g t g g c a a t g c c c
_ 4  _A5 X TCACTTGOACTCCAGTTTTCTTCAGCAGAGCCTGTGGCAA TGCCC
JC l_ 4 _ A 4 K  CGACTTGCACTCGACTTTTCCTTCAGCAGAGCCTGTGGCAATGCCC
SCI 4 A2X TCACTTGGACTCGAGTTTTCCTTCAGCAGAGCCTGTGGCAATGCCC
_4  _A I K LG AO TTOGACTCGACTTTTCTTTCAGCAOAGGCTG TGGCAA TGCCC
3 t : _ 4 _ a : ; .<  : g a g t t g g a c t c g a g t t t t c c t t c a g c a g a g c c t g t g g c a a t c c c c
s c i  4 a : :  - g a g t t g g a c t c g a g : t t t c : t t c a g c a c a c c c t c t c c c a a t g c c c
? : _ aa GG AGTTGCACTCGAGTTTTCCTTCAGCAGACCCTG TGCCAA TGCCC
? ;_ A "  rGACTTOCACTCGAGTTTTC‘*T7CAGCAGAGGCTGTGGCAATGCCC
?L_A4 TCAGTTOCACTCGAGTTTTCCTTCAGCAGAGCCTGTGGCAATGCCC
? :  a :  z g a g t t o c a c t c g a g : t t t c  t t c a g c a g a g c c t g t g c c a a t g c c c
? ;_ A  :  4 CGAGTTGCACTCGAGTTTTCCTTCAGCAGAGGCTG TGCCAA TGCCC
? : _ a : :  z o a c t t g c a c t c g a g t t t t c - t t c a g c a g a g g c t c t g c c a a t g c c c
? l _ A i :  ?G AC TTCGACTCGAGTTTTC"TTCAGCAGAGGCTG TGGCAA TGCCC
? :  a :  TGAOTTGGACTCGAOTTTTC TTCAGCAGAGCCTGTGCCAATGCCC
S J 3 _ :_ A S  c g a c t t o g a c t c g a g t t t t c c t t c a g c a g a c c c t g t g c c a a t g c c c
S J : _ ._A A  ZCACTTCGACTCGAGTTTTCTTTCAGCAGAGGCTGTGGCAATCCCC
S J3  L A* ^GAGTTGGACTCGAGrTTTCCTTCAGCAGAGGCTGTGCCAATGCCC
^*3  _  :  _ A : 4 rCAGTTGGACTCGAGTTTTCCTTCAGCAGACCCTGTGCCAATGCCC
2 . 1  .A  : :  t g a g t t g g a c t c g a g t t t t c t t t c a g c a g a c o c t g t g c c a a t g c c c
S J3  _ : _ a i : : g a g t t g g a c t c g a c t t t t c c t t c a g c a g a g c c t g t g g c a a t g c c c
MA • _A3 t g a g t t g c a c t c g a g t t t t c c t t c a c c a g a c g c t g t g g c a a t g c c c
MA 2 _ a :  t g a g t t g c a c t c g a g t t t t c c t t c a g c a g a g c c t g t g c c a a t g c c c
ma 2 _ a :3  z c a o t t o c a c t c g a g t t t t c c t t c a g c a g a g o c t c t g c c a a t g c c c
MA ‘ _A :  :  CGACTTCCACTCGAGTTTTCCTTCAGCACAGCCTGTGCCAATGCCC
M A j.S .A L L  t o a c t t g c a c t c g a c t t t t c c t t c a c c a g a c g c t g t g c c a a t g c c c
M A j.’ .A L  rOACTTOCACTCGAG TTTTCC TTCAGCAGAGCCTGTGCCAATGCCC
: _ a s  : g a g t t c <;a c t c g a g t t t t c c t t c a c c a c a c c c t g t g c c a a t g c c c
ma: _ :  : _ ah z o a c t t g o a c t c g a g t t t t c t t c a c c a g a g g c t g t g c c a a t g c c c
ma:  _ : :  j u  z o a c t t g c a c t c g a g t t t t c - t t c a g c a g a g g c t g t g c c a a t g c c c
m a :  : :  a :  t g a g t t g c a c t c g a g t t t t c  t t c a g c a g a c c c t c t g c c a a t g c c c
m a :  _ : :  _ a :  z c a c t t c g a c t c g a g t t t t c c t t c a g c a g a c c c t g t g c c a a t g c c c
m a : _ :  : . a :  :  : o a c t t c o a c t c g a g t t t t c "T T c a o c a o a c o c t g t g o c a a t g c c c
m a ;  ;  a 1’ l c a o t t o g a c t c g a g t t t t c c t t c a g c a g a g c c t o t g g c a a t g c c c
m a : _ : _ aa : g a g t t g g a c t c g a g t t t t c c t t c a g c a g a c c c t g t g c c a a t g c c c
m a : . : _ a ~ .’GAu TTGGACTCGAGTTTTCCTTCAGCAGACCCTGTGCCAATGCCC
MA : _  ;  .A  5 K CGAGTTGGACTCGAGTTTTCCTTCACCAGAGCCTGTGCCAATCCCC
MA; _ :  _A4K -’GAGTTGGACTCGAG TTT TCC TTCAGCAGACCCTCTGCCAATGCCC
MA; _ ;  _A 2 '  LG AC TTOCACTCGAGTTTTCCTTCAGCAGAGGCTG TGGCAA TGCCC
LA* ; ;  A3 : g a g t t g g a c t c g a g t t t t c c t t c a g c a g a g c c t g t g c c a a t g c c c
: a - 4 . ; :  . a :  : g a g t t g g a c t c g a g t t t t c  -t t c a g c a g a g c c t g t g g c a a t g c c c
„A-t ; ;  a ; :  t c a c t t c c a c t c g a g t t t t c ’t t c a g c a g a g c c t c t g c c a a t g c c c
l a * _ : g a c t 7 o o a c t c g a g t t t t c c t t c a g c a g a g g c t c t c g c a a t g c c c  
la  :  _ a : '  ■?g a g t t g g a c t c g a g t t t t c " t t c a c c a g a g c c t g t g c c a a t g c c c
l a * _ : : _ a :  t g a g t t g g a c t c g a g t t t t 1:  • t t c a g c a g a g c c t g t g c c a a t g c c c
; a ‘ _ :  _A5 rOAGTTOCACTCCAGTTTTCCTTCAOCAOAOGCTGTGCCAATGCCC
-A 5 .A  * LOAOTTOCACTCCAGTTTCCCTTCAGCAGAGCCTC TGCCAA TGCCC
; a c.  _ a * : g a g t t g c a c t c g a g t t t t c c t t c a c c a c a c c c t g t g c c a a t g c c c
- a *. _ :  _A4 '  LG ACTT0GACTCCACTT7TCCTTCA CCA GAGGCTC TGGCAA TGCCC
L A '_ :_ A 4 ; : g a g ttg g a c tc g a g t t t t c c t t c a g c a c a c c c t g t g g c a a t g c c c
la* _ : _A4: : g a g t t g g a c t c g a g t t t t c c t t c a c c a c a c g c t g t g c c a a t c c c c
;A 5 .:_ A 3 fl : g a gttg g ac tc g a g t t t t c c t t c a c c a g a g c c t g tg c c a a  TGCCC
LA5.3 _A3 '  t g a g t t g g a c tc g a g t t t t c cttca cc ac a c g c t g tg g c a a TGCCC
1 A :3 . '.A 3  t g a g t t g g a c tc g a g t t t t c c t t c a c c a c a c c c t g tg c c a a t g c c c
- a:  2 _ * . a:  tg a g ttg g a c tc g a g t t t t c c t t c a c c a c a g g c t g t g c c a a t g c c c
- a:  3 _ *_a :  :  t g a g t t g g a c tc g a g t t t t c c ttca g ca g ag cctgtg cca a  t g ccc
la :  2 _ " . a : :  : g a gttg ca ctc ga g t t tt c c t t c a g c a g a c g c t g tg c c a a  t g ccc
- a : 3 _ ' . a :  : lca ctto g ac t c g a g t t t t c c tt c a g c a g a o c c t g t g g c a a t g c c c
l a :  ] _ * _a ; : g a g tt g g a c t c g a g t t t t c c t t c a g c a c a c c c t g t g c c a a t g c c c
l a : :  :  as lca o ttoc ac tc g a c t t t tc c t t c a g c a g a g g c t g t g g c a a t g c c c
la : :  _ :  _a a t g a g t t g g a c tc g a g t t t t c c t tca g ca g ag cc tgtg cc a a  t g ccc
l a : : . : . a * tg a g t t g c a c t c g a g t tt t c c t t c a g c a c a c c c t g tg c c a a  tg ccc
l a :  : _ :_ A 4 :  tg a g t t g c a c t c g a g t tt t c c t t c a g c a c a g c c t g t g c c a a t g c c c
l a :  : _ :_A2 : g a g t t g c a c t c g a g t t tt c c t t c a c c a c a c c c tg t g g c a a tg c c c
i a :  : _ : . a3 5 l c a c t t g c a c t c c a c t t t t c c t t c a c c a g a g c c t g t g g c a a tg c c c
la : :  _ :  _A3 2 : g a g ttg ca ctc g a g t t tt c c t t c a g c a c a g g c t g tg c c a a t g c c c
l a : : _ : . a 2 :  tg a g t t g c a c t c g a g t tt t c c t t c a g c a c a c c c t g tg c c a a t g c c c
•r/A :  1 _A 3 LG AGTT GO ACTCGAOTTTTCCTT CAGCAGAGGCTG TGGCAA TGCCC
.- t /a :  * _ a :  t g a g t t g c a c t c g a g t t t t c c t t c a g c a c a c c c t g t g c c a a t g c c c
-r/A _ a : :  t g a g t t g g a c t c g a c t t t t c c t t c a c c a c a c c c t g t g c c a a t g c c c
••t/a ;  4 _ a  : :  : g a g t t g g a c t c g a g t t t t c c t t c a g c a g a g c c t g t g c c a a t g c c c
>7/A :  4 _A : :  c g a g t t g c a c t c g a c t t t t c c t t c a g c a g a g g c t g t g g c a a t g c c c
HYA: 4 .A  :  LGAGTTGCACTCGAGTTTTCCTTCAGCAGAGCCTG TGCCAA TGCCC
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